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[57] ABSTRACT 

A process for producing non-porous full-density metal 
articles comprising forming a porous compact col 
loidal substantially pure metal particles having a max 
imum mean particle size of 0.2 micron, said metal 
being at least one metal selected from silver and the 
metals of groups 111b, IVb, Vb, and VIII of the 
Periodic Table of the Elements, and then sintering 
said porous compact atatemperature substantially 
beléw the melting point of said metal and thereby 
forming a non-porous fully dense metal article within 
10 minutes of initiation sintering, and maintaining said 
porous metal compact in a vacum or an inert at 
mosphere until said full-density metal article is 
formed. 

14 Claims, No Drawings 
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COLLOID METALLURGY 

The present application is a continuation-in-part of 
applicant’s pending United States application Ser. No. 
611,253, filed Jan. 24, 1967, now abandoned and Ser. 
No. 714,076, ?led Man-18,1968. 

BACKGROUND OF THE INVENTION: 

This invention ‘depends upon a discovery of a new 
phenomena, that is, when colloidal metal particles hav 
ing a virgin surface is heated in a protective atmosphere 
preferably in a vacuum a rapid matter displacement, 
which looks like a flow of a metal, is occurred within 
one minute, and non-porous metal, articles are 

1 produced. This “?ow” lilte phenomena was observed 
under a hot stage microscope. 
The present invention relates to the process of heat 

ing colloidal metal particles which have a virgin surface 
for a few minutes, and more particulary to heating two 
dimensional plate or three dimensional compact made 
.of metals to obtain an article or plating which is as 
dense as the density of the solid material itself. 

Sintered articles, as usually prepared, are somewhat 
porous, unless they are after-treated such as, for exam 
ple, by rolling or the like. The porosity of these articles 
is desirable when they are to be used for oil-less 
bearings, for example; in other application, however, 
the porosity has disadvantages. The mechanical 
strength is less, thus decreasing the applicability of sin 
'tered articles for a number of uses. It has previously 
been proposed to carry out the sintering step at a tem 
perature which is so‘high that some of the components 
to be sintered will melt, i.e., the sintering temperature 

. is at least as high as the melting point of at least one of 
the metals in a mixture of metals to be sintered. When a 
single metal was sintered, it was necessary to sinter at 
essentially the melting point of the metal to obtain 
dense pore-free products. Such processes give pore 
free products, but the article resulting therefrom is not 
really a sintered article, since the metal has gone 
through a liquid phase. 

It is an object of the present invention to provide a 
new process in metallurgy, to manufacture heated arti 
cles or plating which have a density commensurate with 
the density of the metal itself, i.e., as if it had been 
melted. In addition to obtain non-porous plating or arti 
cles, porous plating or articles are obtained, when heat 
treatment is stopped before the “flow" is occurred. 

' BROAD STATEMENT OF INVENTION: 

The present invention provides a process for produc 
ing porous or non-porous metal plates or articles com 
prizing forming a porous compact of colloidal metal 
particles having the maximum mean particle size of 0.2 
micron, said colloidal metal particles being substan 
tially’free of oxide on the surface thereof and then heat 
said porous compact at a temperature substantially 
below the melting point of said metal to obtain a porous 
or non-porous fully dense metal article for a few 
minutes. Said porous compact is formed and main 
tained in a non-oxidizing atmosphere and then heat in a 
non-oxidizing atmosphere for a few minutes. 
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2 
DETAILED DESCRIPTION OF INVENTION: 

It is important that the collidal particles of metal 
used in forming the fully dense metal article should 
have their surfaces substantially free of oxide (i) at the 
time the porous compact is formed, (ii) during the for 
mation of the porous compact, (iii) during any sub 
sequent storage period prior to sintering, and (iv) dur 
ing the sintering operation. This oxide free surface is 
preferably obtained and maintained by utilizing metal 
particles produced by a process which yields particles 
having a surface free of oxide, and then maintaining 
said particles under non-oxidizing conditions. These 
non-oxidizing conditions during the formation of the 
porous compact preferably involve the use of an inert 
atmosphere or a vacuum ' atmosphere. Similarly, 
storage of the porous compact should be under non-ox 
idizing conditions such as vacuum or an inert at 
mosphere, or some other method of protecting the sur 
face of the metal particles, such as impregnation of the 
porous compact with a low melting solid. Similarly, the 
heat operation must be carried out under non-oxidizing 
conditions, usually an inert atmosphere or vacuum. 
The metal particles are formed into a porous com 

pact before insertion into the heat furnace. The forma 
tion of the porous compact usually involves a pressing 
operation. Although hot pressing may be utilized, a 
major advantage of the present invention is that the 
process may utilize a pressing operation at ambient 
temperatures to obtain a pore-free fully dense metal 
product after heating. On the contrary, the prior art 
processes required either (i) a hot pressing operation at 
a temperature sufficiently high to melt the metal parti 
cles (or if a mixture of particles of different metals is 
being pressed, to melt at least some of the metal parti 
cles) or (ii) sintering at a temperature sufficiently high 
to melt metal as aforesaid. The term “forming a porous 
compact" as used herein also includes positioning, e,g., 
pouring, metal particles in a shaped container to form a 
porous compact having the shape of the container, 
without the application of pressure. 
The starting material for the process of the present 

invention is a colloidal metal, having a maximum mean 
particle size of 0.2 micron. For example, pure colloidal 
titanium. The colloidal titanium can be obtained by de 
hydrogenation of titanium hydride, of such a composi 
tion that it is exactly stoichiometric (TiHmu). This de 
hydrogenated titanium can then be compacted at a sub 
stantial pressure, for example about 5 tons/cm2 in an at 
mosphere of an inert gas such as nitrogen, argon and 
the like. It may then heat for 5 minutes at a tempera 
ture of 1,200°C. By this process, a product is obtained 
which is non-porous; and having a density of about 4.54 
g/cm", which corresponds to the full density of metallic 
titanium. Similar results are obtained at lower sintering 
temperatures, e.g., l,100°C. 
The process of the present invention is applicable not 

only to titanium, but also to other metals. The metal 
colloids, forming the starting material, may be obtained 
either by decomposition of organic metal compounds, 
by de-hydrogenation as above referred to, and for ex 
ample, by passing a high-voltage, high-frequency spark 
through metal pellets, while immersed in liquid am 
monia as, for example, more speci?cally set forth in 
French Pat. No. 1,435,501, or Swedish Pat. No. 
212,143, or Belgian Pat. No. 665,832, by reduction in a 
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liquid phase and ?ltered and reduced by pure hydrogen 
at 2,300°C for a few hours. 
The process of the present invention includes com 

pacting colloidal metal particles produced by decom 
position of metal hydrides, or of organic metal com 
pounds, or by a spark in an ammonia surrounding, or 
by reduction in a liquid phase. The compacting process 
is carried out in an oxygen-free atmosphere. A sub 
sequent sintering step of the compacted bodie is 
likewise carried out in oxygen‘free conditions, for ex 
ample in a vacuum furnace. The resulting article will 
then have full density. 

Decomposition of corresponding metal hydrides, to 
obtain colloidal particles, is a suitable step for use with 
transition metals, such as group lllb, lVb, Vb, lantha 
nide and actinide metals. Heat decomposition of cor 
responding metal carbonyls is a suitable process to ob 
tain colloidal particles of group iron, nickel, cobalt, and 
group Vb, Vlb, and Vllb metals. Heat de-composition 
of corresponding alkoxides is a suitable process for use 
with group lVb, Vb, Vlb, Vllb and Vlll metals. The 
process set forth in the aforementioned French, Belgi 
an and Swedish Patents is useful to obtain colloidal par 
ticles of any metal. Reduction in a liquid phase and re 
reduction by pure hydrogen to obtain colloidal particle 
of any metals. 
As a starting colloidal particle, hydrides is best in 

order to obtain a virgin surface. In the other cases men 
tioned above, pre-treatment of reduction by pure 
hydrogen at at 2-300°C for a few hours is preferable. 
The inert gases used to replace oxygen during the 

compacting and sintering step, or to replace the am 
bient air containing the oxygen, are preferably of high 
purity. The purity of the gases will in?uence the heating 
process. ln case of colloidal particles produced from 
metal hydrides, cylinder nitrogen can be used; in other 
cases, argon having a dew-point of —l00°C, and in 
troduced in a vacuum of 10'5 mmHg is suitable. 
The heating temperature utilized in the present in 

vention is substantially below the melting point of the 
metal. By excluding air, and particularly oxygen, the 
tendency of the colloidal metal particles to oxidize is 
eliminated. Investigation of the mechanism on a 
vacuum hot-stage microscope led to the observation 
that the porous compacts utilized in the present inven 
tion appear to “flow” for several ten seconds at tem 
peratures substantially below the melting point of the 
metal particles, to achieve a fully dense pore-free metal 
articles. The temperature at which this phenomens oc 
curs varies for different metals, but is substantially 
below the melting point of the metal. The surface of the 
colloidal metal particles must' be free of oxide. Thus, 
the ?ow-phenomena was not observed at pressures 
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greater than 10''‘ mm of mercury. With titanium, it is ' 
found to occur at temperatures at least as low as 
l,200°C. It was found that a pore-free fully dense titani 
um metal article is obtained by the process of the 
present invention by sintering l,200°C for 5 minutes 
under vacuum. A pore-free tantalum article may also 
be obtained by sintering around l,200°C. Illustrative 
sintering temperatures for other metals are disclosed in 
the Examples. 
The process according to the present invention is ap 

plicable not only to the production of non-porous 
metals, but also to alloys, cermets, and dispersion 
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4 
strengthened alloys. The low sintering temperature, 
which can be used in the process of the present inven 
tion, is especially suitable for the production of non 
porous alloys having high melting points. 
The non-oxidizing atmospheres required in the 

process of the present invention include vacuum, and 
inert atmospheres, such as, nitrogen, hydrogne, and ar 
gon. 
The process according to the present invention is ap 

plicable not only to the production of non-porous arti 
cles, but also porous articles which have a very ?ne 
pore. When heating process is stopped before the “ 
?ow” occures, such porous articles are obtained. In oil 
less bearing the ?ner the pore, the longer the life. So 
oil-less bearing made of such colloidal metal particle 
can be used for space use. . 

When the process according to the present invention 
is applied to two dimensional plate, ?lter plate which 
have very ?ne pore, and metal plating, for example, 
titanium and zirconium plating on other metal or sub 
stances are produced. 

In a case of titanium plating, colloidal titanium 
hydride powder is painted on iron or steel by dispersing 
titanium hydride in pure alcohol. It is heat at l,O30°C 
for 2 minutes in a vacuum maintained at 2X12“5 mmHg, 
and a non-porous titanium plating is obtained. The 
temperature of heat treatment is lower than the eutec 

_ tic point of titanium and iron. In a case of zirconium 
plating, the temperature of heat treatment is 880°C, 
this temperature is also lower than the eutectic point of 
zirconium and iron. In such lower temperature, “flow” 
is also observed by a hot-stage microscope. 

EXAMPLE 1, 

Startingmaterial: titanium colloid obtained by heat 
de-composition of TiHMo. ' 
A mass of sponge titanium (purity 99.9 percent by 

ASTM standard) is subjected to reaction with pure 
hydrogen. Degradation of the purity of the titanium, 
and of the hydrogen is avoided by utilizing a mem 
brance of palladium during the puri?cation step. A 
titanium hydride material, having a composition ex 
actly TiHMo, is thus obtained. ~ 
The thus obtained titanium hydride is milled for 

about 40 hours in a rotary mill made of sintered alu 
mina. The hydride power is pulverized, to the particle 
size of between 60 to 300A. The particle size is deter 
mined by electron-microscopy. The hydride is then 
thermally dehydrated at 450°C in a tube furnace evacu 
ated to 2 X 10-5 mmHg. The thus obtained colloidal 
titanium has a speci?c surface of 16 mzlg, from which a 
particle size of 0.08 micron, can be calculated. 
Residual hydrogen of 27.7 ppm is found, by the fusion 
method. 
The obtained colloidal titanium is kept in an airtight 

container, ?led with cylinder nitrogen, as it is quite 
phrophoric in air. 
The colloidal titanium is then compacted; in ac 

cordance with the present invention, air and oxygen are 
excluded by compacting in nitrogen atmosphere. Com 
pacting pressure is about 5 tons/cm? A disk of l 1.3 mm 
diameter, approximately 2-3 mm thick, and having a 
green density of 3.1 g/cm3 is obtained. This disk is im 
pregnated with liquid paraffin to protect it from air. It is 
then heated at l,400°C for 2 hours in a vacuum fur 
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nace, with a vacuum maintained at 5 X 10'5 mmHg. 
The density of the product obtained is 4.54 g/cm", as 
measured by a picnometer. The structure is solid and 
non-porous, which can be observed by means of a 
microscope having a magni?cation of 400 X. When 
pure hydrogen is used instead of the nitrogen at 
mosphere, heating at 1,200°C for 5 minutes produced a 
dense non-porous article. When colloidal titanium 
hydrides of above mentioned is used, a dense non 
porous articles was produced by compacting in air, 
heating at 1,200°C for 5 minutes. 

EXAMPLE 2 

Zirconium colloid is obtained by heat decomposition 
of ZrHzjm, similar to the process of example 1, to obtain 
colloidal titanium. 
Compacting and heating are substantially the same 

as those in example 1; except: Compacting in pure 
hydrogen, and at a heating temperature of 1,500°C for 
5 minutes. Result: a heated article is obtained having a 
density of 6.5g/cm3. 

EXAMPLE 3 

Carbonyl nickel powder having a mean particle size 
of 0.02 micron is compacted in an argon atmosphere. 
Pressure: 7 tons/cm’. The compressed article is heated 
in a vacuum furnace for five hours at 1,300°C, with a 
vacuum of 105mm Hg. Result: a heated article having a 
density of 8.9 g/cm”. 
When carbonyl nickel powder is reduced by pure 

hydrogen (dew point is lower than —70°C) at 300°C for 
2 hours, heat treatment for 5 minutes at 1,300°C is 
enough to obtained non-porousheated article. 

EXAMPLE 4 

Nickel colloidal particles are obtained by electrical 
sparking with 10,000 V, 50 kHz electric current of 
nickel pellets, on a nickel electrode, within liquied am 
monia (details of this process are explained in the 
aforementioned French, Belgian and Swedish patents). 
The resulting powder is compacted in an atmosphere of 
argon under a pressure of 7 tons/cm? The compacted 
article is heated at 1,300°C for a period of 10 hours in a 
vacuum of 10'5 mmHg. Result: a product having a den 
sity of 8.7g/cm3. 
When nickel colloidal particle thus obtained is 

reduced by pure hydrogen (dew point is lower than 
—70°C) at 300°C for two hours, heat treatment for 5 
minutes at 1,300°C in a vacuum of l0‘5mm1-1g is 
enough to obtained a non-porous product having a den 
sity of 8.9g/cm3. 

EXAMPLE 5 

One gram of colloidal titanium particles having a 
mean diameter of 0.08 micron were placed in a sin 
tered alumina cup and then, without any compaction, 
were placed in a vacuum furnace (2 X IO'BmmHG) and 
heated at 1,150°C for 5 minutes. The product had a 
density of 4.54 g/cm“. 

EXAMPLE 6 THROUGH 24 

A comparison of Example 6 which is within the 
process of the present invention, and Examples 7 
and 8 which differ in that larger particles of titanium 
were used, establishes the necessity for using the 
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6 
colloidal titanium particles, i.e., those having a 
maximum mean particle size of 0.2 micron. In similar 
fashion a comparison of Example 9 illustrating a 
process within the scope of the present invention. 
as contrasted with the product of Example 10 which 
is not fully dense, proves the criticality of using the 
colloidal particles. Examples 12, 13, 14, 15, 16, 17, 
18, 22 and 24 further illustrate the advantages of the 
process of the present invention. in each case, the 
?rst of the paired group of experiments illustrates a 
process within the scope of the present invention and 
the latter 7, 8, 10, 13, 19,21, 23 illustrates the same 
process using a metal particle of a size larger than 0.2 
micron. in each example using the larger particles, 

"articles which are not full density were obtained. 

EXAMPLES 6 THROUGH 24 

Mean 
radius 

of 
metal 

powder 
Start after Sinter 
ing decompo ed Sintered 

Example mater sition temp. time Sintered 
number metal ial micron °C minutes density 
6 Ti Til-1, 0.08 1,200 5 4.54 
7 Ti TiH, 0.5 1,200 120 4.46 
8 Ti TiHz 200 1,200 120 4.38 

mesh 
9 Zr ZrH, 0.06 1,500 5 6.49 
10 Zr ZrH, 0.6 1,500 120 6.34 
11 Hf HFH, 0.1 1,800 5 13.0 
12 V VH 0.2 1,400 10 6.10 
13 V Vl-l 1 1,400 120 6.00 
14 Sm Sml-l; 0.06 1,000 10 6.98 
15 Eu EuHa 0.12 950 10 5.24 
16 Th Thl-l, 0.07 1,400 5 11.5 
17 U UH; 0.06 900 5 19.0 
18 Fe Fe 0.04 1,300 5 7.88 

carbonyl 
19 Fe Fe 1 1,300 120 7.32 

carbonyl 
20 Ni Ni 0.02 1,200 5 8.9 

carbonyl 
21 Ni Ni 0.2 1,300 120 8.71 

carbonyl 
22 Ag Ag 0 800 10.5 
23 Ag Ag 1 800 120 10.4 
24 Cu Cu 0.05 850 5 8.9 

liquid 
phase 
reduction 

The above examples illustrate that the heated articles 
obtained, in accordance with the present invention, 
have speci?c gravities comparable to those of the 
metals themselves. The heated temperature used may 
be substantially below the melting point of the materi 
als. 

EXAMPLE 25 TITANIUM PLATlNG 

Colloidal titanium hydride particle is pained on a pu 
ri?ed iron surface by dispersing titanium hydride in 
pure alcohol. After alcohol dried, it is heated at l030°C 
for 2 minutes in a vacuum maintained at 2 X 10'5 """”"~ 
And a non-porous titanium plating on iron is obtained. 
This plating endured 0.5N1-1CL test for a week. 

EXAMPLE 26: ZIRCONIUM PLATlNG 

Colloidal zirconium hydride particle is used as the 
same process mentioned above. By heat treatment at 
850°C for 2 minutes non-porous zirconium plating is 
obtained. This zirconium plating also endured 0.5NHC1 
test for a week. 

lclaim: 
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l. A process for producing non-porous full-density 
metal articles comprising forming a porous compact of 
colloidal substantially pure metal particles having a 
maximum mean particle size of 0.2 micron, said metal 
being at least one metal selected from the group con 
sisting of silver and the metals of groups lllb, lVb, Vb, 
and Vlll of the Periodic Table of the Elements through 
element No.92, and then sintering said porous compact 
at a temperature substantially below the melting point 
of said metal and thereby forming a full-density metal 
article within 10 minutes of the initiation of sintering, 
and maintaining said porous metal compact in a 
vacuum or an inert atmosphere until said full-density 
metal article is formed. 

2. The process of claim 1, wherein said metal is at 
least one metal selected from the group consisting of 
the metals of groups lllb, Nb and Vb of the Periodic 
Table of the Elements, and wherein said colloidal metal 
particles are produced by thermally dehydrogenating 
the stoichiometric hydride of said metal; and wherein 
said sintering is in an atmosphere selected from argon 
and a vacuum having a pressure of less than 1 X 10-4 
mm. of mercury. 

3. The process of claim 2, wherein said metal is 
selected from the group consisting of titanium, zirconi 
um, and tantalum. 

4. The process of claim 2, wherein said colloidal 
metal particles are produced by dehydrogenating 
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8 
TiH2_0o and wherein said sintering is at a temperature of 
at least 1,100°C. ~ 

5. The process of claim 4, wherein said sintering is at 
a temperature of about 1,200°C. 

6. The process of claim 4, wherein said titanium par 
ticles have a mean particle size of about 0.08 micron. 

7. The process of claim 2, wherein said colloidal 
metal particles are produced by dehydrogenating 
Zrl-lzm. 

8. The process of claim 7, wherein said sintering is at 
a temperature of about l,500°C. 

9. The process of claim 2, wherein said metal is a 
lanthanide series metal. 

10. The process of claim 2 wherein said metal is an 
actinide series metal. 

ll. The processi'of claim I, wherein said metal is 
selected from the group consisting of iron,>cobalt and 
nickel; wherein said metal particles are produced by 
reduction of the carbonyl of said metal; and wherein 
said sintering is in an inert gas or in a vacuum having a 
pressure of less than 1 X 10"‘ mm. of mercury. 

12. The process of claim 11, wherein said metal is 
iron. 

13. The process of claim 11, wherein said metal is 
nickel. 

14. The process of claim 1, wherein said metal is 
silver. 


