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Description

The present invention relates to a method of fabri-
cating a composite material for compounding two mate-
rials differing in melting point and not mixing with each
other in solid solution, such as W (tungsten) and Cu
(copper). The composite material shall be suitable for
conducting heat.

In the equipment possessing ultrahot molten metal
field as represented by active metal melting crucible and
heat receiving plate, it is often indispensable to use a
material withstanding electron beam or plasma having
high temperature and high energy density, that is, the
beam target material.

Since the beam target material is used in rugged
condition, it is required to satisfy the following two char-
acteristics: (1) sufficient resistance to heat directly
beneath heat source rising in temperature, (2) excellent
heat conductivity and cooling characteristic. The sec-
ond point is needed because the opposite side of the
heat source is generally cooled by some means.

In a single material, however, the heat resistance
and heat conductivity cannot be considered separately,
and when either one is determined, the other is auto-
matically determined, of course, within a limited range.
Accordingly, hitherto, in order to enhance the both char-
acteristics together, it is attempted to composite materi-
als. One of such attempts is to fabricate a composite
material excellent in both heat resistance and heat con-
ductivity, by combining W which is high in melting point
among metals and Cu which is excellent in heat con-
ductivity.

When compounding W and Cu, however, since they
are not mixed with each other in solid solution, the
bonding method is limited, and simple gluing or brazing
or other mechanical bonding methods are mainly
employed.

If such compound of W and Cu is used in high tem-
perature field, the difference in thermal expansion
between the two is very large. Specifically, W has ther-
mal expansion factor of 4.5 x 10°6/K, while Cu has that
of 17.1 x 10%/K, and the generated thermal stress is
extremely large. Accordingly, when W and Cu are
merely brazed and compounded, cracks are likely to be
formed in W which has the smaller thermal expansion
factor, due to tensile stress when heating, as well as
peeling due to thermal stress caused in the interface of
W and Cu. Such cracking and peeling will lower the total
thermal conductivity, which may lead to temperature
rise of materials, or meltdown accident in worst cases.

It was therefore recently attempted to obtain gradi-
ent materials with structure control (hereafter referred to
as "gradient material™) by mixing two powders, laminat-
ing by varying their mixing ratio, and sintering the lami-
nates.

This technique is capable of obtaining gradient
materials if the melting points of two powders to be
mixed are similar to each other, but when extremely dif-
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ferent, only one material is molten while the other is not,
and it is difficult to fabricate a gradient material with
structure control.

DE-A-2 450 361 discloses sintering a skeleton from
metal particles having various sizes in order to obtain
the desired gradient of porosity within the skeleton of
said first metal. A second metal having a lower melting
point than that of the first metal is brought in a liquid
state and infiltrated into the pores of the skeleton.

It is a primary object of the invention to present a
fabricating method of a composite material excellent in
thermal conductivity and bonding strength at the inter-
face of two materials to be bonded together.

According to the invention there is provided a
method of fabricating a composite material as set out in
claim 1. Optional features of the invention are com-
prised in the dependent claims.

According to the invention, since the composition
changes continuously in the gradient composition
region (interface) of high melting material and low melt-
ing material, that is, the composition is sloped, the
bonding strength (adhesion) of the interface of two
materials and thermal conductivity are superior.

Besides, when the position with a large generation
of thermal stress is made of a high strength material, it
is possible to withstand more rugged conditions, such
as high thermal load condition in the case of beam tar-
get, for example.

In addition, since the sintering process is varied by
using thermal spraying, a gradient composition is made
of a three-dimensional surface such as cylinder.

The continuously changing composition eliminates
grain boundary brittleness. The obtained bond between
the high melting and the lower melting materials can
withstand both stationary and nonstationary thermal
loads. The composite material thus is suitable for use as
a heat conductive material.

This invention can be more fully understood from
the following detailed description when taken in con-
junction with the accompanying drawings, in which:

Fig. 1 is a process chart showing a first embodi-
ment of fabricating method of a composite material
of the invention;

Figs. 2A and 2B show a schematic diagram of a
composite metallic material gradient in composition
at the interface of W and Cu of Fig. 1;

Fig. 3 is a schematic diagram of stress generated
on the interface of W and Cu of Fig. 1;

Fig. 4 is a diagram showing the thermal conductivity
in the mixed layer of W and Cu in the composition
gradient part of Fig. 1;

Figs. 5A and 5B show, respectively, a sectional view
of an active metal melting crucible and a diagram
schematically showing the fine texture of part A of
the material obtained in the embodiment in Fig. 1;
Fig. 6 is a process chart showing a second embod-
iment of fabricating method of a composite material
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of the invention;

Fig. 7 is a diagram for explaining the effect of parti-
cle size of W powder or forming pressure on the rel-
ative density of the sintered body in the second
embodiment;

Fig. 8 is a process chart showing third and fourth
embodiments of fabricating method of composite
material of the invention;

Fig. 9 is a diagram for explaining the mechanical
strength of the material obtained from the third
embodiment;

Fig. 10 is a diagram showing candidate examples of
dispersion reinforcing material of the third embodi-
ment and their principal properties;

Fig. 11A shows a perspective view of an electron
beam target including the material obtained in the
third embodiment;

Fig. 11B shows a sectional view of the electron
beam target along an A-A line;

Fig. 12 is a diagram for explaining the infiltration
method of Cu when fabricating the electron beam
target material of Fig. 11;

Figs. 13A to 13D show, respectively, the results of
analysis of temperature distribution and mechanical
stress distribution when electron beam is emitted to
the electron beam target in Fig. 11;

Fig. 14 is a diagram for showing the relation of the
input heat density of electron beam, maximum prin-
cipal stress (thermal stress) and maximum reach-
ing temperature when electron beam is emitted to
the electron beam target in Fig. 11;

Fig. 15 is a process chart showing a fifth embodi-
ment of fabricating method of composite material of
the invention;

Fig. 16 is an approximate sectional view of the
material obtained in the fifth embodiment;

Fig. 17 is a process chart showing a sixth embodi-
ment of fabricating method of composite material of
the invention;

Fig. 18 is a process chart showing a seventh
embodiment of fabricating method of composite
material of the invention;

Fig. 19 is a process chart showing an eighth
embodiment of fabricating method of composite
material of the invention; and

Fig. 20 is an approximate sectional view of the
material obtained in the eighth embodiment.

Referring now to the drawings, some of the pre-
ferred embodiments of the invention are described in
detail below. Fig. 1 is a process chart for explaining a
first embodiment of the fabricating method of composite
material of the invention. At step 1, in order to form W
powder in specified shape, it is charged into a pattern
(not shown). At step 2, the W powder obtained at step 1
is formed. At step 3, the form obtained at step 2 is sin-
tered to form pores, and a sintered W body increased in
the porosity toward the infiltrating side (the side where
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the infilirated material becomes 100% as a result of infil-
tration) is obtained. At step 4, Cu is melted in a con-
tainer (not shown), and it is infiltrated in the pores of the
sintered W body obtained at step 3. At step 5, the mate-
rial obtained at step 4 is machined and a finally desired
product shape is obtained.

From thus obtained composite metallic material,
the following effects are obtained.

1) The composition at the interface of W and Cu
varies almost continuously, that is, the composition
becomes gradient. Fig. 2 is a schematic diagram of
compound metal material fabricated as described
above, in which Fig. 2A is a composition distribution
diagram and Fig. 2B is a distribution characteristic
diagram relating to the ratio by weight of W and Cu.
As evident from this diagram, since the composition
is sloped in the gradient composition region of W
and Cu, the composite metal material of the inven-
tion is, as compared with the conventional compos-
ite metal material making use of mechanical
bonding such as gluing and thermal spraying of
simple materials, increased in the contact area of W
and Cu because a microscopic network structure is
formed between W and Cu, so that the contact is
notably enhanced.

2) In the embodiment, the coefficient of thermal
expansion stress in the mixed layer of W and Cu
changes almost in proportion to the mixing ratio.
The thermal stress of the layer (i.e., a combination
of compression stress and tensile stress) is rela-
tively small and gently changes as is indicated by
the solid curve shown in Fig. 3. By contrast, the
thermal stress of the composite layer made by the
conventional mechanical bonding method is great
and changes much as is evident from the dot-dash
line shown in Fig. 3.

3) The material of the embodiment can eliminate
the gap between materials as seen in the simple
gluing (the prior art), as the contact area of W and
Cu increases. Accordingly, the thermal resistance
is reduced at the interface of the gradient composi-
tion of W and Cu, and an excellent thermal conduc-
tivity as in W alone or Cu alone may be obtained.
Fig. 4 is a characteristic diagram of thermal conduc-
tivity to explain this, and as evident from this dia-
gram, it is possible to obtain an excellent thermal
conductivity on the whole, exceeding that of the W
alone, by making use of the characteristic that the
thermal conductivity of the portion gradient in com-
position depends greatly on Cu which is greater in
the conductivity.

Referring now to Fig. 5, an example of applying the
composite material obtained in the first embodiment
into a crucible for melting active metal or heat receiving
plate is explained below. Fig. 5A is a sectional view
showing a crucible for melting active metal main body



5 EP 0 446 934 B1 6

11 and water-cooled hearth 13, and Fig. 5B is a sche-
matic diagram of fine texture of part A of Fig. 5A. The
crucible main body 11 side is exposed to high tempera-
ture and is hence made of high melting metal W, the
water-cooled hearth 13 is made of Cu which is excellent
in thermal conductivity, and the gradient composition
region 14 of W and Cu is a so-called gradient composi-
tion varying continuously in composition. Numeral 12 is
a water cooling hole.

To manufacture such structure, the process is as
shown in Fig. 6. That is, at the first step 21, W fine pow-
der is prepared, and it is laminated in the shape of the
crucible main body 11 in Fig. 5. At the second step 22,
the laminate obtained in the first step 21 is formed, for
example, by CIP (cold isostatic pressing) to produce a
W form. At the third step 23, the W form obtained in the
second step 22 is held in H, or other reducing high-tem-
perature atmosphere for about several hours to produce
a W sinter. At the fourth process 24, the sintered W
body obtained in the third step 23 is machined to finally
finish into a crucible shape. In this case, it is machined
including the gradient portion of the interface.

In the first to fourth processes 21 to 24, the density
becomes 95% or more at the inside of the crucible main
body 11. Besides, the manufacturing conditions such as
material powder, forming pressure, sintering tempera-
ture and others are controlled so that the density may
change continuously to about 50% at the outside of the
crucible main body 11.

At the fifth step 25, Cu is melted by some means,
and the sintered W obtained in the third process 23 is
infiltrated into this molten bath of W, and after holding
until the molten Cu is sufficiently penetrating into the
pores of the sintered W, it is cooled. The fifth process 25
is conducted in reducing high temperature atmosphere
of H, or the like, and in the sixth process 26, after suffi-
ciently cooling, it is taken out into the atmosphere, and
is machined to the specified dimensions of the crucible
main body 11 and water-cooled hearth 13.

The crucible made of such composite metal mate-
rial manufactured in such fabricating method (Fig. 5) is
wide in the contact area of the gradient composition
region 14 with W and Cu, and hence the adhesion and
thermal conductivity are excellent. Moreover, since the
composition of the gradient composition region 14 is
gradient, it is effective to reduce the peak value of the
thermal stress caused when heating due to the differ-
ence in the coefficient of thermal expansion between W
and Cu.

On the other hand, the crucible of the embodiment
is characteristic in that a sintered W crucible continu-
ously varying in the porosity at the outside of the cruci-
ble main body 11 is fabricated. As for the effect of the
material powder on the density of sintered body as
shown in Fig. 7, by varying the powder particle size
within a range of 1 um to 10 um, it is possible to fabri-
cate a W sinter possessing the relative density of 60%
to 95%. By making use of this property, by continuously
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varying the particle size of the W powder used in lami-
nation of W powder, the sintered W crucible varying
continuously in density from 95% to 60% can be manu-
factured. Meanwhile, although the effect is not so great
as to change the powder particle size, it is also a
method to vary the forming pressure and sintering tem-
perature for changing the density of the sinter, and by
combining them, it is possible to fabricate the sintered
W crucible main body 11 more effectively. Besides, in
impregnation of sintered W crucible main body 11 into
molten Cu, since the molten Cu is very likely on a solid
W to wet, and it penetrates into the closed pores in the
sintered W body. Since the boundary of the closed
pores and open pores of the sintered W body is about
90%, the majority is infiltrated into the low density area
of the outside of the sintered W crucible main body 11.
Therefore, since the density of the outside of the sin-
tered W crucible main body 11 changes continuously, a
crucible of gradient composition of W and Cu is com-
pleted in this way.

According to a second embodiment described so
far, the interface composition of W and Cu is gradient,
and the contact area of W and Cu is increased, so that
the following effects are brought about.

a) The adhesion at the gradient composition region
14 is strengthened, and the thermal stress at the
gradient composition region 14 during high-temper-
ature use is alleviated, and hence cracks and peel-
ing at the gradient composition region 14 are
decreased, so that the life is extended.

b) The thermal resistance at the gradient composi-
tion region 14 is reduced and the total thermal con-
ductivity is enhanced, so that the water-cooling
effect of the water-cooled hearth 13 may be suffi-
ciently utilized. As a result, the temperature gradi-
ent of the molten metal in the crucible main body 11
is increased, and the internal wall temperature of
the crucible main body 11 may be lowered, which
also contributes to extension of the life.

The second embodiment relates to an active metal
melting crucible or heat receiving plate, but it may be
also applied in other high temperature devices that
require the combination of W and Cu. In the embodi-
ment, as the materials for compounding, the combina-
tion of W and Cu is presented, but it is not limitative, and
it may be applied to any other two materials as far as
they differ in melting point and are not mutually miscible
in solid solution. Anyway, it is necessary to comprise a
step of sintering the high melting material and a step of
impregnation of the sintered body into the low melting
molten material, and after these steps, a gradient mate-
rial at the interface of the composite metal material is
obtained.

Third and fourth embodiments of the fabricating
method of the composite material of the invention are
explained below while referring to Figs. 8 to 10. In the
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first embodiment described above, since the change of
the coefficient of thermal expansion at the interface of
W and Cu is reduced, as compared with the conven-
tional brazed material, the thermal stress can be allevi-
ated significantly. However, in the first embodiment, the
mechanical strength is not fully satisfactory because it
requires a step of manufacturing a sintered W body hav-
ing a porosity distribution in the plate thicknesswise
direction, and a step of sintering and infiltrating of mol-
ten Cu into pores of the sintered W body. That is, since
the W which is responsible for mechanical strength
undergoes a step of sintering, the grain boundary is par-
ticularly weak in the recrystallized grains. Furthermore,
since this sintered W body is required to have a porosity
distribution in the plate thicknesswise direction, hot forg-
ing cannot be applied as the post-processing for
enhancing the mechanical strength. Therefore, even if
the thermal stress is alleviated by sloping the composi-
tion at the interface of W and Cu, since the mechanical
strength is low, cracks may be formed in the W.

Accordingly, in the third embodiment, in order to
enhance the mechanical strength of the first embodi-
ment, in a combination of two materials of single com-
position such as W/Cu gradient material, by adding a
second element which is miscible in solid solution, for
example, powder of Re (rhenium), Ta (tantalum), Nb
(niobium) or Hf (hafnium), the solid solution composition
is sloped, so that only the mechanical strength is
enhanced while holding the same functions.

More practically, as shown in the process chart in
Fig. 8, at the first step 31, Re powder is added to the W
powder differing in particle size. At the second step 32,
powders are laminated sequentially from the smaller
particle size. At the third step 33, the laminate laminated
in the second step 32 is formed by die press forming or
CIP forming method. At the fourth step 34, the form
obtained in the third step 33 is sintered, and the solid-
solution element is alloyed with W, thereby obtaining a
W alloy sintered body having a porosity distribution in
the plate thicknesswise direction (W-HIP material in Fig.
9). At the fifth step 35, the W alloy sintered body
obtained in the fourth step 34 is impregnated in molten
Cu and Cu is infiltrated in pores, and it is cooled. At the
sixth step 36, the infiltrated material obtained in the fifth
step 35 is machined and finished to a desired product
shape.

The fourth embodiment is, similar to the third
embodiment, a fabricating method of composite mate-
rial enhanced only in the mechanical strength, while
maintaining the functions, in which, in order to enhance
the mechanical strength of the first embodiment, in a
combination of two materials of single composition such
as W/Cu gradient material, a second element or com-
pound not miscible in solid solution, such as ThO» (tho-
ria) powder is added, and the dispersion is intensified to
slope the composition.

More practically, the four embodiment is same as
the third embodiment except that, as shown in the proc-
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ess chart in Fig. 8, ThO, powder is added to the W pow-
der differing in particle size in the first step 31.

The materials obtained by the third and fourth
embodiments feature the following points.

1) The W which is responsible for the mechanical
strength of the material is greatly enhanced in the
bending strength by alloying as shown in Fig. 9.

2) Since the interface of the W alloy and Cu is gra-
dient in composition, there is not abrupt change in
the coefficient of thermal expansion, and the ther-
mal stress is alleviated as compared with the bond
by the conventional brazing or other method.

3) Since the thermal conductivity of W alloy mainly
depends on W which is superior in heat conduction,
the thermal conductivity on the whole is hardly low-
ered although the thermal conductivity of ThO, is a
low 10 W/m k.

5) As evident from the process of the material
obtained in the fourth embodiment, since the Cu
with excellent thermal conduction is in network
structure, the total thermal conduction is very good.

In the fourth embodiment, ThO is used as the dis-
persion reinforcing agent, but basically any other mate-
rial may be used as far as it is stable chemically and
high in melting point, and any of the dispersion reinforc-
ing agents shown in Fig. 10, that is, TaB,, TiB,, HfB,,
Y503, ZrOs, may be used.

Hence, according to the third and fourth embodi-
ments, peeling at the interface of W and Cu and cracks
in material may be eliminated, and finally rise of mate-
rial temperature and melting accident derived from the
increase of thermal stress due to peeling or cracking
may be eradicated.

An example of application of the material obtained
in the third embodiment as eleciron beam target is
explained below while referring to Figs. 11 to 14. Fig.
11A, Fig. 11B relate to an example of application of the
composite material obtained in the third embodiment in
the beam target for active metal melting crucible or the
like, in which Fig. 11A is a schematic diagram of a target
for electron beam (EB), and Fig. 11B is a sectional view
showing the section cut in the direction of the arrow
along the line A-A in Fig. 11A. Since the C side of the
beam target 121 is exposed to the EB 116 and high in
temperature, it is made of W alloy of high melting point
and high strength.

On the other hand, the D side on the opposite side
of the beam target 121 is made of Cu which is excellent
in thermal conductivity and machinability, and it is
cooled in water with water cooling pipe 117. Between
the C side and D side, the composition ratio of W alloy
and Cu changes continuously, that is, the so-called gra-
dient composition is made.

The composite material used in Fig. 11A, Fig. 11B
is manufactured in the following procedure. In the first
place, the W alloy sintered body 118 is fabricated same
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as shown in Fig. 8, from the first to the fourth steps.
However, when infiltrating Cu 119 into pores of the W
alloy sintered body 118, as shown in Fig. 12, in a slightly
large graphite crucible 120, the low porosity side is set
at the upper side, and the build-up part of Cu is dis-
posed at the opposite side. In this state, after comple-
tion of infiltration of Cu, it is machined and finished to
desired size, and a hole is drilled for the water cooling
pipe 117. Finally, the water-cooling pipe 117 is brazed
by using Ag-Cu solder or the like, thereby completing
the beam target 121.

In thus fabricated beam target 121, the W alloy and
Cu are in gradient composition, and the Cu of excellent
thermal conductivity is in network structure, and there-
fore the temperature reached during use may be low-
ered, and the thermal stress may be alleviated.

Fig. 13 shows the result of analysis of temperature
distribution and thermal stress (principal stress) distri-
bution when the electron beam target shown in Fig. 11
is exposed to electron beam. Specifically, Fig. 13A and
Fig. 13C are to compare the result of analysis by finite
element method of temperature distribution when
heated by linear EB of 5 kW/cm? each, between the W
alloy/Cu gradient material, and W alloy/Cu brazed mate-
rial. Fig. 13B and Fig. 13D are to compare the thermal
tress distribution when heated by linear EB of 5 kW/cm?
each by the same finite element method, between the
W alloy/Cu gradient material and W alloy/Cu brazed
material. It is known from the result that the maximum
reaching temperature may be lowered by about 80 K by
composing gradient material. Besides immediately,
beneath the EB where the temperature gradient is the
greatest, the maximum thermal stress is known to be
reduced to about 1/3.

Incidentally, since the beam target 121 is height-
ened in strength by alloying W, the EB input until break-
down may be increased. Fig. 14 shows the EB input
heat density, generated maximum thermal stress, and
maximum reaching temperature as analyzed by finite
element method. As shown in Fig. 13, the maximum
thermal stress is generated in the W alloy layer immedi-
ately beneath the heat source, and since the degree of
lowering of strength of each part does not seem to be so
great owing to compounding with Cu, the breakdown of
beam target 121 is considered to be induced when the
stress generated in the alloy layer becomes larger than
its strength.

The dot-dash lines shown in Figs. 13A to 13D are
central lines of distribution diagrams. Only right half of
each distribution diagram is, hence, illustrated, since the
left half if symmetrical to the right half.

Here, on the basis of the result of measurement of
strength of W or W alloy at ordinary temperature, it is
estimated how much the input heat can be increased by
alloying. In the case of pure W, the strength is about 0.4
GPa, and the maximum applicable input heat density is
about 4 kW/cm? at most, but in the case of W-5Re alloy
adding 5% Re, the strength is increased about twice to
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0.8 GPa, so that an EB input of about 8 kW/cm? is pos-
sible. Furthermore, when the input heat density is 9
kW/cm? the maximum reaching temperature exceeds
the melting point of W alloy, and it is meaningless if the
Re content is increased to raise the strength, which is
the application limit for the beam target 121.

In the third and fourth embodiments described so
far, the beam target 121, especially linear EB heating, is
mentioned, but it may be also applied to all other high
temperature equipment parts requiring heat resistance
and thermal conductivity, and the beam form is not lim-
ited to EB, but it may be applied to all heat sources.

A fifth embodiment is described below by reference
to Figs. 15, 16. The fabricating method of the fifth
embodiment comprises the first step 41 through fourth
step 44. At the first step 41, a high strength substrate 45
is prepared by rolling, forging or other plastic process-
ing. At the second step 42, the high strength substrate
45 fabricated in the first step 41 is sprayed by a known
vacuum plasma spraying apparatus as mentioned
below, On the heating surface in the case of EB irradi-
ated beam target, or a material producing a large stress
locally, and the sprayed film with gradient porosity is
made of two materials. At the third step 43, the material
obtained in the second step 42 is applied to a capsule-
free HIP (hot isostatic pressing) device to remove the
closed pores (defects) which may initiate breakdown. At
the fourth step 44, by infilirating the second material into
the open pores existing in the material obtained in the
third step 43, a composite material having a gradient
composition layer 46 is completed as shown in Fig. 16.

The vacuum plasma spraying (VPS) apparatus is
briefly described below. A high pressure container is
filled with inert gas reduced to about tens to hundreds of
Torr, and the work to be sprayed is put in this atmos-
phere, and the powder from the powder feeder is
sprayed therein together with the plasma from the
plasma control unit.

The capsule-free HIP (open HIP) is a process of
conducting hot isostatic pressing on the material not
contained in a capsule, and is different from the ordinary
HIP in which no pressure is applied to the inner part of
the material which is contained in a capsule which col-
lapses at high temperatures.

Thus obtained composite material using the high
strength substrate 45 manufactured by plastic process-
ing, and the mechanical strength can be reinforced.
Besides, since the porosity by spraying method
depends greatly on the particle size of the powder to be
used, in other words, a spray film with gradient porosity
is formed only by varying the particle size of the powder
to be used. Still more, since the vacuum plasma spray-
ing method is to spray in a reduced inert atmosphere of
about tens to hundreds of Torr, it is possible to form a
film less in oxide coating, strong in bonding force among
particles, and tight in contact with the high strength sub-
strate. Besides, by a capsule-free HIP, it is possible to
eliminate causes of increase of thermal resistance, or
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closed pores where stress is concentrated. In this case,
by performing infiltration at ordinary pressure or high
pressure with inert gas or in reducing atmosphere, the
open pores may be filled up with the second material.

Thus, according to the fifth embodiment, cracks
and other defects in electron beam heating may be
reduced, while the input heat density may be increased.

Reference is them made to Figs. 17, 10 to explain a
sixth embodiment of the invention. As shown in the
process chart in Fig. 17, this method comprises the first
step 51 through the fifth step 55. At the first step 51,
substrate surface is cleaned at the first step. At the sec-
ond step 52, the substrate cleaned in the first step 51
and the same material are sprayed, for example by vac-
uum plasma spraying, to slope the composition continu-
ously. At the third step 53, by the open HIP, leaving the
open pores (communicating with outside) formed in the
second step 52, the closed pores (not communicating
with outside) are destroyed. At the fourth step 54, a low
melting metal, for example, Cu is infiltrated into the
pores obtained in the third step 53. The fifth step 55 is
for machining.

The sixth embodiment brings about the following
effects. Since the vacuum plasma spraying in the sec-
ond step 52 is to spray in an inert gas atmosphere at
tens of Torr, the material is not oxidized. By using pow-
der material of large particle size for spraying, the inter-
nal unmolten particles drift and deposit, and a film of a
relatively large porosity may be formed.

Furthermore, in the open HIP treatment in the third
step 53, the closed pores can be eliminated while leav-
ing the open pores formed by vacuum plasma spraying
in the second step 52. By infiltrating the low melting
material Cu into the material W possessing only open
pores and having gradient pores obtained in this way, it
is possible to spray in a relatively wide area, and a large
and continuous gradient material may be fabricated.

Accordingly, also on the three-dimensional curved
surface which was difficult to obtain in the first embodi-
ment, a gradient structure may be formed, and the gra-
dient is continuous, while it was stepwise in the first
embodiment, so that the thermal stress may be allevi-
ated furthermore. Consequently, the thermal stress alle-
viation on the interface of different materials such as
coating and joint may function effectively, so that the
heat cycle characteristic and heat resistance may be
improved.

As the substrate in the sixth embodiment, any one
of W, Mo, Ta, Nb, Re, V, ZrO,, MgO, A¢,03, Yo03, SiC,
Si3Ny4, BN, AIN may be used, and the low melting mate-
rial may be selected from Cu, Ag, Fe, Ni, Co or their
alloys.

The vacuum plasma spraying in the sixth embodi-
ment is not limitative, but as far as the material is excel-
lent in oxidation resistance, any atmospheric spraying
method such as plasma spraying, gas spraying and arc
spraying method may be applied, and same effects will
be obtained.
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A seventh embodiment is explained by reference to
the process chart in Fig. 18. This embodiment is char-
acterized by the HIP infiltration to treat at high pressure,
when infiltrating the second material into the pores of
the first material in the fourth step of the first embodi-
ment. That is, after obtaining the sintered body in the
third step 63, infiltration by open HIP is conducted at the
fourth step 64, and then HIP infiliration is carried out at
the fifth step 65.

For example, in order that a fluid with a surface ten-
sion & enters in a circular pore with radius r, supposing
the contact angle to be 0, the pressure P must satisfy
the following relation.

P = (28c0s8) = r

Therefore, once the material system is determined,
0 and & are automatically decided, and if desired to per-
meate liquid into tiny holes, the pressure P must be
increased. In other words, when pressure P is applied
more, liquid can penetrate into smaller holes.

Hence, by infiltrating by means of HIP apparatus
capable of creating high temperature, high pressure
field, the second material can be securely infiltrated into
open pores. As the type of gas, meanwhile, when inert
gas such as Ar and He is used, the problem of oxidation
of material may be eliminated.

On the other hand, when the temperature is raised,
generally, the contact angle 6 becomes smaller. In con-
sequence, cos 6 becomes smaller, and therefore pro-
vided the pressure P be constant, the radius r may be
reduced, but it gives rise to the problem of material
reaction.

Accordingly, by HIP infiltration in high pressure
field, open pores are not left over, and it is possible to
fabricate a gradient material with small reaction
between materials. As the pores are eliminated, the
mechanical strength is enhanced, and the thermal con-
ductivity is improved.

In the seventh embodiment, in order to reduce the
contact angle 6, an active element may be added in the
liquid to promote infiltration into the fine pores.

Referring then to Figs. 19, 20, the fabricating
method of heat conductive material by the invention,
and the heat conductive material obtained by this
method (hereinafter called eighth embodiment) are
explained. Fig. 19 is a process chart for explaining the
fabricating method, and at the first step 71, the dope
rolled material is fabricated to make the heat receiving
side with single crystals of W, Mo. At the step 72, the
surface of the rolled material obtained in the first step 71
is roughened by blasting or the like, and W powder is
laminated in gradient. At the third step 73, sintering and
bonding the W rolled material and W powder obtained in
the second step 72, the materials are sent to the fourth
step 74, in which, simultaneously with the third step 73,
by making use of secondary recrystallization, the mini-
mum surface doped W, Mo rolled materials of W, Mo are
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grown into giant crystal grains to prepare a skeleton of
W or Mo. In this case, the heat receiving side is the sin-
gle crystal. Later, at the fifth step 75, Cu is infiltrated into
the pores sloped at the fourth step 74, and it is
machined and finished at the sixth step 76.

The heat receiving material 77 made in such proc-
ess is shown in Fig. 20. In this case, the large thermal
stress receiving unstationarily is borne by the single
crystal W Or Mo excelling in ductility on the heat receiv-
ing surface 78, while the stationary thermal stress is
alleviated by the W/Cu gradient composition beneath it.
By eliminating the grain boundary of W and Mo where
grain boundary brittleness is likely to occur, a heat
receiving material having W, Mo extremely excellent in
ductility disposed at the heating side is obtained. Aside
from superior heating performance, the thermal impact
property by quick heating is improved.

This embodiment for manufacturing the heat receiv-
ing material also avoids the following points. That is, in
fabrication of sintered body of W, Mo and giant crystal
grain growth, sintering of W, Mo powder is sometimes
promoted too much, and a porosity gradient region may
not be fabricated sufficiently. Accordingly, in this embod-
iment, by using particles of about 10 microns, this prob-
lem is avoided. Besides, by vacuum plasma spraying, it
is possible to form a gradient region 80 of W, Mo on the
rear side of the single crystal plate. Moreover, by exe-
cuting the giant crystal growth in the first place, the pow-
der may be laminated in gradient on the surface of the
single crystal material, and then the sintered bond Cu is
infiltrated, so that a similar heat receiving plate may be
manufactured.

In the eighth embodiment for fabricating the heat
receiving material 77, the heat receiving side 78 is W, or
Mo, but this heat receiving side may be also made of Re
or V, or an alloy mainly comprising W, Mo, Re or V.
Besides, on the opposite side of the heat receiving side
78 in Fig. 20 (for example, the water cooling surface) 79,
a high thermal conductive material such as Cu, Ag, Fe
or their alloy may be formed, and the composition may
be sloped from the heat receiving side 78 to the oppo-
site side.

In the foregoing embodiments, when forming pores
in the high melting material or low melting material,
either sintering method or vacuum plasma spraying
method is employed, but it may be also possible to
employ other methods, including chemical deposition
method and physical deposition method.

Claims

1. A method of fabricating a composite material com-
posed of a first material and a second material
which do not mix with each other in solid solution
and which have a relatively high melting point and a
relatively low melting point, respectively, said
method comprising:
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a first step of forming pores in said first material
to obtain a substrate material having a porosity
distribution, with the porosity gradually
decreasing from a surface region defined in the
first material toward a further region, by using
one or more methods selected from the group
consisting of a thermal spraying method, a
chemical deposition method and a physical
deposition method, and

a second step of infiltrating said second mate-
rial in a molten state into said pores of the first
material having the porosity distribution in
which porosity gradually decreases obtained in
the first step, to obtain a gradient composition
material having a gradient distribution of a
composite ratio of said first material and said
second material.

2. A fabricating method according to claim 1, wherein
said first step of obtaining said substrate material
having said porosity distribution, with the gradually
decreasing porosity, further comprises:

(a) a sub-step of molding a mixture of said first
material and an element miscible with said first
material in a solid solution state during molding
to form a molded member; and

(b) a sub-step of sintering said molded member
obtained in said sub-step (a), for solid-solution
reinforcement, thereby obtaining the substrate
material which has a porosity distribution
wherein the porosity decreases gradually.

3. A fabricating method according to claim 1, wherein
said first step of obtaining said substrate material
having said porosity distribution, with the gradually
decreasing porosity, further comprises:

(c) a sub-step of molding a mixture of said first
material and one selected from the group con-
sisting of a plurality of types of compound
materials having a property of being dispersed
without chemically reacting with said first mate-
rial during molding to make a molded member;
and

(d) a sub-step of sintering said molded member
obtained in said sub-step (c), for dispersion-
reinforcement, thereby obtaining the substrate
material which has a porosity distribution
wherein the porosity decreases gradually.

4. A fabricating method according to claim 1, wherein
said first step comprising:

(e) a step of preparing a reinforced member by
reinforcing said first material by a method
selected from the group consisting of a rolling
method, a forging method, an alloying method;
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and (f) a step of spraying a common material to
said reinforced member obtained by vacuum-
plasma spraying means to obtain a substrate
material having a porosity distribution.

A fabricating method according to claim 4, wherein
said first step of forming said pores can be achieved
by spraying a material similar to said reinforced
member by spraying means.

A fabricating method according to claim 4, wherein
said first step comprises:

(g) a sub-step or treating said reinforced mem-
ber obtained in said first step by spraying a
material similar to that of said reinforced mem-
ber thereto by spraying means so as to prepare
the substrate material having pores; and

(h) a sub-step of treating said substrate mate-
rial obtained in said sub-step (g) by hot iso-
static pressing.

A fabricating method according to claim 6, wherein
said hot isostatic pressing treatment is a capsule-
free method in which said substrate is treated with-
out being put in a capsule.

A fabricating method according to claim 1, wherein
said first step comprising:

a step of forming a laminate of a substrate
material selected from the group consisting of a
dope-added press-rolled material and forged
material as the low heat conductive material,
and powder of the same kind as said substrate
material, said powder being accumulated on
one side of said selected substrate material;
and a step of preparing, by sintering said lami-
nate, a sintered material having a porosity dis-
tribution.

A fabricating method according to claim 8, wherein
one side of said selected substrate material is cov-
ered with said powder by vacuum plasma spraying.

A fabricating method according to claim 1, wherein
said first step comprising:

a first substep preparing a plurality of mixtures
different in grain size by mixing first-material
powder which is different grain size with sec-
ond-element powder which is soluble with the
first-material powder in solid solution;

a second substep of forming a laminated mem-
ber wherein the mixtures formed in the first
substep are stacked one upon another such
that the grain size of the mixtures increases
from a bottom of the laminated member to a top
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thereof; and

a third substep of forming a member reinforced
in solid solution by treating the laminated mem-
ber formed in the second substep;

a fourth substep of preparing a sintered mem-
ber by sintering the laminated member formed
in the third substep, such that the sintered
member has a porous distribution.

11. A fabricating method according to claim 1, wherein

said first step comprising:

a first substep of preparing a plurality of mix-
tures different in grain size by mixing first-mate-
rial powder which is different in grain size with
second-element powder which is soluble with
the first-material powder in solid solution;

a second substep of forming a laminated mem-
ber wherein the mixtures formed in the first
substep are stacked one upon another such
that the grain size of the mixtures increases
from a bottom of the laminated member to a top
thereof;

a third substep of forming a dispersed and rein-
forced member by treating the laminated mem-
ber formed in the second substep;

a fourth substep of preparing a sintered porous
member by sintering the laminated member
formed in the third substep, such that the sin-
tered member has a porosity distribution.

Patentanspriiche

1.

Verfahren zur Herstellung eines Kompositwerk-
stoffs aus einem ersten Material und einem zweiten
Material, die sich miteinander in fester Lésung nicht
mischen und einen relativ hohen bzw. relativ niedri-
gen Schmelzpunkt aufweisen,

durch Ausbilden von Poren in dem ersten
Material in einer ersten Stufe zur Gewinnung
eines Substratmaterials mit Porositatsvertei-
lung, wobei die Porositat schrittweise von
einem in dem ersten Material festgelegten
Oberflachenbereich in Richtung auf einen
zweiten Bereich abnimmt, unter Anwendung
einer oder mehrerer Methode(n), ausgewahlt
aus der Gruppe thermische Spritzmethode,
chemische Abscheidungsmethode und physi-
kalische Abscheidungsmethode, und

Infiltrieren des zweiten Materials in aufge-
schmolzenem Zustand in die Poren des in der
ersten Stufe erhaltenen ersten Materials mit
der Porositatsverteilung, bei der die Porositat
schrittweise abnimmt, in einer zweiten Stufe
zur Gewinnung eines Werkstoffs mit Zusam-
mensetzungsgradienten einer Gradientenver-
teilung des Kompositverhaltnisses erstes
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Material und zweites Material.

Herstellungsverfahren nach Anspruch 1, wobei die
erste Stufe zur Gewinnung des die Porositatsvertei-
lung aufweisenden Substratmaterials mit schritt-
weise abnehmender Porositat folgende Unterstufen
umfaBt:

(a) Ausformen eines Gemischs aus dem ersten
Material und einem mit dem ersten Material
mischbaren Element im Zustand einer festen
Lésung wahrend des Ausformens zur Bildung
eines Formlings und

(b) Sintern des in der Unterstufe (a) erhaltenen
Formlings zur Verstdrkung der festen Ldsung
unter Gewinnung des Substratmaterials mit
Porositatsverteilung, bei der die Porositat
schrittweise abnimmt.

Herstellungsverfahren nach Anspruch 1, wobei die
erste Stufe zur Gewinnung des die Porositatsvertei-
lung aufweisenden Substratmaterials mit schritt-
weise abnehmender Porositat folgende Unterstufen
umfaBt:

(¢) Ausformen eines Gemischs des ersten
Materials und eines aus der Gruppe Mehrzahl
von Arten von Verbindungsmaterialien mit der
Eigenschaft, ohne mit dem ersten Material
wéhrend der Formgebung chemisch zu reagie-
ren, dispergiert zu werden, ausgewahlten
Materials zur Gewinnung eines Formlings und
(d) Sintern des in der Unterstufe (c) erhaltenen
Formlings zur Dispersionsverstarkung unter
Gewinnung des Substratmaterials mit Porosi-
tatsverteilung, bei der die Porositat schritiweise
abnimmt.

4. Herstellungsverfahren nach Anspruch 1, wobei die

erste Stufe umfafBt:

(e) Herstellen eines verstarkten Teils durch
Verstarken des ersten Materials nach einer
Methode, ausgewahlt aus der Gruppe Walzen,
Schmieden und Legieren, und

(f) Aufsprihen eines gemeinsamen Materials
auf das erhaltene verstarkte Teil durch Vaku-
umplasmaspritzmaBnahmen zur Gewinnung
eines Substratmaterials mit Porositatsvertei-
lung.

Herstellungsverfahren nach Anspruch 4, wobei die
erste Stufe der Porenbildung durch Aufsprihen
eines dem verstarkten Teil &hnlichen Materials
durch SpritzmaBnahmen ausgeflhrt werden kann.

Herstellungsverfahren nach Anspruch 4, wobei die
erste Stufe folgende Unterstufen umfaBt:
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(g) Behandeln des in der ersten Stufe erhalte-
nen verstarkten Teils durch Aufspriihen eines
dem verstérkten Teil &hnlichen Materials mit
Hilfe von SpritzmaBnahmen zur Herstellung
des porenhaltigen Substratmaterials und

(h) Behandeln des in Unterstufe (g) erhaltenen
Substratmaterials durch isotaktisches Heif3-
pressen.

Herstellungsverfahren nach Anspruch 6, wobei die
isotaktische HeiBpreBbehandlung nach einem kap-
selfreien Verfahren, bei dem das Substrat ohne in
eine Kapsel eingebracht zu werden, behandelt
wird, erfolgt.

Herstellungsverfahren nach Anspruch 1, wobei die
erste Stufe folgende Stufen umfaBt:

Ausbilden eines Laminats aus einem Substrat-
material, ausgewahlt aus der Gruppe mit
einem Dopemittel versetztes, preBgewalztes
Material und geschmiedetes Material als
schwach warmeleitender Werkstoff, und einem
Pulver derselben Art wie das Substratmaterial,
wobei das Pulver auf einer Seite des gewahlten
Substratmaterials angehauft ist, und
Herstellen eines Sintermaterials mit Porositats-
verteilung durch Sintern des Laminats.

Herstellungsverfahren nach Anspruch 8, wobei
eine Seite des gewahlten Substratmaterials durch
Vakuumplasmaspritzen mit dem Pulver bedeckt
wird.

Herstellungsverfahren nach Anspruch 1, wobei die
erste Stufe folgende Unterstufen umfaft:

Zubereiten einer Mehrzahl von Gemischen
unterschiedlicher KorngréBe durch Mischen
eines pulverférmigen ersten Materials unter-
schiedlicher KorngréBe mit einem zweiten pul-
verformigen Element, das mit dem ersten
pulveridrmigen Material in fester Lésung I6slich
ist,

Ausbilden eines Laminatteils, bei dem die in
der ersten Unterstufe gebildeten Mischungen
derart aufeinandergestapelt sind, daB die
KorngréBe der Mischungen vom Boden des
Laminatteils zu seiner Oberseite hin zunimmt,
Ausbilden eines in fester Lésung verstérkien
Teils durch Behandeln des in der zweiten
Unterstufe erhaltenen Laminatteils, und
Herstellen eines gesinterten Teils durch Sin-
tern des in der dritten Unterstufe gebildeten
Laminatteils dergestalt, daB das gesinterte Teil
eine pordse Verteilung erhalt.

Herstellungsverfahren nach Anspruch 1, wobei die
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erste Stufe folgende Unterstufen umfaBt:

Zubereiten einer Mehrzahl von Gemischen
unterschiedlicher KorngréBe durch Mischen
eines pulverférmigen ersten Materials unter-
schiedlicher KorngréBe mit einem zweiten pul-
verformigen Element, das mit dem ersten
pulverférmigen Material in fester Lésung l6slich
ist,

Ausbilden eines Laminatteils, bei dem die in
der ersten Unterstufe gebildeten Gemische
derart aufeinandergestapelt sind, daB die
KorngréBe der Gemische vom Boden des
Laminatteils zu seiner Oberseite hin zunimmt,
Ausbilden eines dispergierten und verstérkten
Teils durch Behandeln des in der zweiten
Unterstufe gebildeten Laminatteils und
Herstellen eines gesinterten porésen Teils
durch Sintern des in der dritten Unterstufe
gebildeten Laminatteils dergestalt, daB das
gesinterte Teil eine Porositatsverteilung erhalt.

Revendications

Procédé pour fabriquer un matériau composite
composé d'un premier matériau et d'un second
matériau, qui ne se mélangent pas I'un a l'autre en
solution solide et qui ont respectivement un point
de fusion relativement élevé et un point de fusion
relativement bas, ledit procédé comprenant :

une premiére étape de formation de pores
dans ledit premier matériau pour obtenir un
matériau substrat ayant une répartition de
porosité, avec une porosité diminuant d'une
maniére graduelle de la région de surface défi-
nie dans le premier matériau vers une autre
région, en utilisant un ou plusieurs procédés
choisis dans le groupe constitué par un pro-
cédé de pulvérisation thermique, un procédé
de dépbt chimique et un procédé de dépbt phy-
sique, et

une seconde étape diinfiltration dudit second
matériau a I'état fondu dans lesdits pores du
premier matériau ayant une répartition de poro-
sité, dans lequel la porosité diminue d'une
maniére graduelle obtenu dans la premiére
étape, afin d'obtenir un matériau de composi-
tion a gradient ayant une répartition de gradient
d'un rapport de composite entre ledit premier
matériau et ledit second matériau.

Procédé de fabrication selon la revendication 1,
dans lequel ladite premiére étape d'obtention dudit
matériau substrat ayant ladite répartition de la poro-
sité, avec une porosité diminuant d'une maniére
graduelle, comprend de plus :
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(a) une sous-étape de moulage d'un mélange
dudit premier matériau et d'un élément misci-
ble avec ledit premier matériau a I'état de solu-
tion solide au cours du moulage afin de former
un corps moulé ; et

(b) une sous-étape de frittage dudit corps
moulé obtenu dans ladite sous-étape (a), pour
le renforcement de la solution solide, en obte-
nant ainsi un matériau substrat, qui présente
une répartition de la porosité dans laquelle la
porosité diminue d'une maniére graduelle.

Procédé de fabrication selon la revendication 1,
dans lequel ladite premiére étape d'obtention dudit
matériau substrat présentant ladite répartition de la
porosité, avec une porosité diminuant d'une
maniére graduelle, comprend de plus :

(¢) une sous-étape de moulage d'un mélange
dudit premier matériau et d'un autre choisi
dans le groupe constitué d'une pluralité de
types de matériaux composés ayant la pro-
priété de pouvoir étre dispersé sans réaction
chimique avec ledit premier matériau au cours
du moulage afin de former un corps moulé ; et
(d) une sous-étape de frittage dudit corps
moulé obtenu dans ladite sous-étape (c), pour
le renforcement de la dispersion, en obtenant
ainsi le matériau substrat, qui présente une
répartition de la porosité dans laquelle la poro-
sité diminue d'une maniére graduelle.

4. Procédé de fabrication selon la revendication 1,

dans lequel ladite premiére étape comprend :

(e) une étape de préparation d'un corps ren-
forcé par renforcement dudit premier matériau
par un procédé choisi dans le groupe constitué
par un procédé de laminage, un procédé de
forgeage, un procédé d'alliage ; et

(f) une étape de pulvérisation d'un matériau
commun sur ledit corps renforcé obtenu par
des moyens de pulvérisation par plasma sous
vide afin d'obtenir un matériau substrat présen-
tant une répartition de porosité.

5. Procédé de fabrication selon la revendication 4,

dans lequel ladite premiére étape de formation des-
dits pores peut étre effectuée par pulvérisation d'un
matériau similaire sur ledit corps renforcé par des
moyens de pulvérisation.

Procédé de fabrication selon la revendication 4,
dans lequel ladite premiére étape comprend :

(9) une sous-étape de traitement dudit corps
renforcé obtenu dans ladite premiére étape par
pulvérisation sur celui-ci d'un matériau simi-
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laire & celui dudit corps renforcé par des
moyens de pulvérisation de fagon a préparer le
matériau substrat comportant des pores ; et
(h) une sous-étape de traitement dudit maté-
riau substrat obtenu dans ladite sous-étape (g)
par compression isostatique a chaud.

Procédé de fabrication selon la revendication 6,
dans lequel ledit traitement de compression isosta-
tique & chaud est un procédé sans capsule, dans
lequel ledit substrat est traité sans étre mis dans
une capsule.

Procédé de fabrication selon la revendication 1,
dans lequel ladite premiére étape comprend :

une étape de formation d'un stratifié d'un maté-
riau substrat choisi dans le groupe constitué
d'un matériau laminé par pressage, dopé par
addition et d'un matériau forgé, en tant que
matériau faiblement conducteur de la chaleur,
et d'une poudre de méme type que ledit maté-
riau substrat, ladite poudre étant accumulée
sur l'un des cdtés dudit matériau substrat
choisi ;

et une étape de préparation, par frittage dudit
stratifié, d'un matériau fritté présentant une
répartition de la porosité.

Procédé de fabrication selon la revendication 8,
dans lequel un cété dudit matériau substrat choisi
est recouvert de ladite poudre par pulvérisation par
plasma sous vide.

Procédé de fabrication selon la revendication 1,
dans lequel ladite premiére étape comprend :

une premiére sous-étape de préparation d'une
pluralité de mélanges différents en ce qui con-
cerne la taille des grains par mélange d'une
poudre du premier matériau, qui est différent
en ce qui concerne la taille des grains, avec
une poudre d'un deuxiéme élément, qui est
soluble avec la poudre du premier matériau en
solution solide ;

une deuxiéme sous-étape de formation d'un
corps stratifié, dans laquelle les mélanges for-
més dans la premiére sous-étape sont empilés
l'un sur l'autre, de sorte que la taille des grains
des mélanges augmente de la partie inférieure
du corps stratifié & sa partie supérieure ;

une troisieme étape de mise en forme d'un
corps renforcé en solution solide par traitement
du corps stratifié formé dans la seconde sous-
étape ; et

une quatriéme étape de préparation d'un corps
fritté par frittage du corps stratifié mis en forme
dans la troisiéme sous-étape, de sorte que le
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corps fritté présente une répartition de la poro-
sité.

11. Procédé de fabrication selon la revendication 1,

dans lequel ladite premiére étape comprend :

une premiére sous-étape de préparation d'une
pluralité de mélanges différents en ce qui con-
cerne la taille des grains par mélange d'une
poudre d'un premier matériau, qui est diffé-
rente en ce qui concerne la taille des grains,
avec une poudre d'un second élément, qui est
soluble avec la poudre du premier matériau en
solution solide ;

une deuxiéme sous-étape de mise en forme
d'un corps stratifié, dans laquelle les mélanges
formés dans la premiére sous-étape sont empi-
Iés I'un sur l'autre, de sorte que la taille des
grains des mélanges augmente de la partie
inférieure du corps stratifié & sa partie supé-
rieure ;

une troisieme sous-étape de mise en forme
d'un corps dispersé et renforcé par traitement
du corps stratifié formé dans la seconde sous-
étape ;

une quatrieme sous-étape de préparation d'un
corps fritté poreux par frittage du corps stratifié
formé dans la troisieme sous-étape, de sorte
que le corps fritté présente une répartition de la
porosité.
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