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This invention is concerned with powder met 
allurgy and particularly with the sintering of 
metal powder compacts. The invention provides 
improvements in methods of and apparatus for 
sintering such compacts to the end that sinter 
ing time is substantially reduced, with resultant 
increases in capacity of equipment and decreases 
in operating cost. . 

In the practice of powder metallurgy, it is cus 
tomary to compress metal powders in a mold to 
form a coherent mass or compact and to sinter 
the compact to form a metallic bond between the 
particles. The heat treatment, as practiced 
heretofore, has required considerable time, and 
has been a matter of hours and, in SOme in 
stances, of days. This makes for high cost of 
operation and, in some instances, renders the 
process non-competitive. Moreover, inasmuch aS 
the compact usually is sintered in an unconfined 
state after withdrawal from the forming die, 
changes in dimension and distortion are likely 
to occur to such an extent that required toler 
ances for the finished piece are not met. 
As a result of my investigations, I have devel 

oped an improved sintering technique whereby 
metal powder compacts are sintered adequately 
and substantially instantaneously, while they are 
confined in a die, thus minimizing opportunity 
for distortion and saving much time. Moreover, 
my invention permits objects of high density 
(i.e., little or no porosity) to be formed by powder 
metallurgy with lower pressures than those em 
ployed customarily heretofore. In accordance 
With my invention, the bonding together of the 
particles of the metal powder compact is accom 
plished by heating zones or points of contact be 
tWeen particles in the compact to a temperature 
in the neighborhood of, but preferably not ex 
ceeding, the melting point by passing through the 
compact an electric current of Such amperage 
that the contact points attain this temperature 
Substantially instantaneously, the heat treatment 
being conducted while the compact is compressed 
between electrodes carrying the current and while 
the compact is confined between the electrodes 
by insulated Walls. 
In the practice of my invention, the points or 

areas Within the compact at which the metal 
particles are in contact with each other may be 
brought instantaneously to a temperature at 
which bonding occurs, while the bulk of the metal 
in the compact remains in a Solid and relatively 
cold state. In Consequence, the entire mass of 
the compact is not highly heated, although it be 
comes sufficiently plastic to permit the elimina 
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material such as paper, 

tion of porosity in the compact with the exertion 
of only moderate pressure. Thus, the amount of 
heat employed in bonding together compacts in 
accordance with my invention is so small that 
the temperature of the entire compact does not 
rise greatly, so that it can be handled with the 
bare hands almost immediately following heat 
treatment and ejection from the die. 
As indicated above, it is necessary to compress 

the compact between the electrodes during the 
heat treatment and to confine it between the 
electrodes by insulated wall surfaces. The elec 
trodes should be of a conductive material, pref 
erably a metal that is adequately strong and 
Which has a melting point substantially higher 
than that of the compact. Moreover, it is de 
sirable to employ electrodes the metal of which 
does not tend to alloy substantially with the metal 
of the compact. Otherwise, the electrodes tend 
to be welded to the compact during heat treat 
ment. - - 

The tendency of the electrodes to become weld 
ed to the compact can be reduced substantially 
by coating the surfaces of the electrodes that 
are to be placed in contact with the compact 
with finely-divided conductive material of high 
melting point and preferably of flaky character, 
for example graphite. 
Ordinarily the electrodes will take the form of 

a pair of plungers in a die within which the com 
pact to be heat treated is confined. The inside 
surface of the die walls which confine the com 
pact must be insulated to avoid leakage of cur 
rent. It is possible to make the die walls of an 
insulating or non-conductive material such as 
Bakelite or glass, since the die walls need not be 
heated highly. However, I have discovered that 
it is desirable to employ metal dies and to line 
these with a thininsulating coating. 
The die walls may be lined with an insulating 

It is preferable, how 
ever, to coat the die walls with a flake material 
which has a high insulating or dielectric value, at 
least in a direction transverse to the die walls. 
For example, the interior of the die may be coat 
ed. With flakes of mica or other micaceous ma-. 
terial, that lie flat against the die wall and are 
at least in part overlapping. 
The die lining may also be formed of metallic 

flakes. In fact, a metallic flake material, espe 
cially if it is relatively malleable and coated with 
a lubricant or leafing agent of insulating char. 
acter, affords numerous advantages. Thus, the 
side of the mold or die, and in fact all interior 
surfaces of the die except the electrode surfaces 

  



2 
in contact with the compact, may be lined with 
fine metal flakes which lie flat against the mold 
Surfaces and are at least in part overlapping. 
The resulting thin coating of overlapping flakes 
of metal (which should have reasonably high 
malleability) is not broken when the compact 
is compressed in the die, so that actual contact 
between the die walls of steel or the like and the 
powder of the compact is substantially prevented 
and ejection of the compact from the die is fa 
cilitated. Moreover, the flakes on the die wall, 
especially if they are coated with a non-conduc. 
tive lubricant or leafing agent such as stearic 
acid, are substantially non-conductive in a di 
rection transverse to the die wall. Current intro 
duced into the compact by the electrodes is thus 
confined within the compact. 
Although I prefer to employ malleable metallic 

flake material as a die lining (for example alu 
minum flake mixed with stearic acid), flakes of 
non-metallic insulating substances, such as for 
example mica, may be employed. Such flakes do 
not aid in ejection of the piece to the same degree 
that the metal flakes do, but they serve as better 
insulation. The micaceous material preferably is 
mixed with a non-conductive binder having lu 
bricating properties, for example a long chain 
fatty acid. 
The use of the insulating flake die lining is not 

limited to the instantaneous sintering process de 
scribed above, for it may be employed in any op 
eration in which current is passed through a mass 
of metal powders confined in a die from which the 
mass should be insulated in order to avoid current 
leakage. Thus, the lining may be used when 
metal powder compacts are sintered by passing 
through them currents of relatively low density 
for substantial periods of time while the compact 
is confined by walls. Naturally enough, when 
currents of relatively high voltage are employed, 
the dielectric character of the flake lining in a 
direction transverse to the die wall must be better 
than when currents of low voltage are employed. 
The requisite increased insulation may be ob 
tained by using flakes of high dielectric proper 
ties, such as mica or by increasing the thickness 
of the lining or both. 
As disclosed and claimed in my co-pending ap 

plication Serial No. 422,426, filed December 10, 
1941, the use of die linings composed of oriented 
overlapping flakes of malleable material, for ex 
ample aluminum flake, greatly facilitates ejection 
of compacts from a die in which it has been con 
pressed, and reduces the force required for ejec 
tion to but a small fraction of that required in 
bare dies or those lubricated in accordance with 
customary powder metallurgical procedure. At 
the same time, such linings effectively prevent 
welding of the compact to the die wall (which 
tends to occur with many metals, particularly alu 
minum, even when cold powders are compressed) 
and also tend to reduce the occurrence of lamina 
tions and planes of weakness in metal powder 
compacts during compression and ejection. 
Although either direct or alternating current 

may be employed in the practice of my invention, 
provided that the current density is adequate, I 
prefer to employ alternating current of con 
mercial frequency, say 60 cycles. With alternat 
ing. current of such frequency, the current is ap 
plied for a few cycles only. Ordinarily, assuming 
that the amperage is sufficiently high, adequate 
bonding together of the particles may be accom 
plished within the time of one or two cycles of 
current. 
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2,355,954 
The current density to employ will depend, at 

least to some extent, upon the nature of the metal 
of the compact, the degree of porosity in the com 
pact and the thickness of the compact, i. e., the 
depth of the compact in the direction of current 
passage. Ordinarily, compacts of most non-fer 
rous metals are amenable to substantially the 
same treatment and, other conditions remaining 
the same, may be sintered at substantially the 
Sane current density. Thus, non-ferrous com 
pacts about 4' in diameter and y' to 3%' thick 
may be adequately sintered in about 60 to about 
30 of a second, i. e., with one or two cycles of 60 
cycle current, the amperage of the current being 
about 20,000 and the compact being pressed be 
tween the electrodes with a force of the order of 
5 to 10 tons per square inch. In such case, the 
current density is approximately 400,000 amperes 
per Square inch of compact cross-section per '' 
to 4' of compact thickness. 
An important feature of my invention resides in 

the fact that the metal particles of which the 
Compact is composed may be bonded together 
adequately without bringing about substantial 
diffusion in the interior of the powder particles. 
Generally speaking, the shorter the time of treat 
ment the less diffusion occurs. Thus when it is 
desired to bond together particles of dissimilar 
metals which alloy readily with each other, for 
example tin and copper, it is possible to bring 
about the formation of a strong compact with 
very little intersolution of the tin and the copper, 
provided that the sintering time is adequately 
short. On the other hand, by repeated applica 
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tion of the current for short intervals, the dif 
fusion of the metals can be increased and con 
trolled. In the case of a compact composed of tin 
and Copper powder, the application of current of 
high amperage for about %0 of a second brings 
about adequate bonding without diffusion. If the 
compact thus sintered is kept in the die and the 
Current is again applied for one or more short 
intervals, say 60 of a second, diffusion occurs with 
resultant formation of tin-copper alloys. By re 
peated applications of such shots of current, it is 
possible to convert the entire compact to bronze. 

If the current is applied for a sufficiently long 
interval which, in general, will not exceed half a 
second, the metal powder in the die may melt 
entirely. This is not desirable, for the molten 
metal tends to be forced out of the die and may 
also become welded to the electrodes. Conse 
quently, if diffusion is desired it is preferable to 
treat the compact with a series of quick shots of 
current with intervals of a second or more be 
ween shots. In this way, any melting which Oc 
curs does not cause difficulties. 
The ability of the process to promote adequate 

bonding without much alloying between readily 
alloyable metals present as powder particles in a 
compact is desirable because it permits the manu 
facture of improved metal objects with new prop 
erties. For example, bearings high in finely 
distributed free tin and free copper are superior 
in bearing properties to bronze bearings contain 
ing the same ratio of copper to tin, provided that 
the "free-metal' bearings are adequately strong. 
The requisite strength is obtainable through the 
practice of my invention. 
In the case of brass, the process of my inven 

tion permits the development of a peculiar metal 
lographic structure in that a brass compact when 
treated in accordance with my invention develops 
a dendritic structure with the dendrites oriented 
in the direction of current passage, 
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2,855,954 3 
The apparatus of my invention, as indicated 

above, comprises a die with a cavity having an 
insulated interior wall surface (which may be 
provided by an insulating lining. Or by making 
the die of non-conductive material) and adapted 
to confine a metal powder compact to be sintered, 
a plurality of electrodes which serve to close the 
openings in the die cavity, at least one of the 
electrodes being slidable in the die cavity, means 
for compressing the electrodes toward each other 
to compress the compact in the die, and means 
for passing a current of high amperage from one 
electrode to another through the compact while 
the compact is under pressure exerted by the 
electrodes. 

In my preferred form of apparatus two op 
posed electrodes are slidable With respect to the 
die to facilitate ejection of the sintered compact. 

The apparatus of my invention can be con 
structed from a spot welding machine of the press 
type, for example a Thompson-Gibbs machine 
of the K-18-40 type or that of the Eisler Engi 
neering Company-Press type #525. Such ma 
chines, when equipped with suitable electrodes 
which act as punches in a die, made of non 
conductive material or in which the cavity is 
lined with insulating material, are admirably 
Suited for instantaneous sintering of relatively 
Small metal powder compacts in accordance with 
my invention. Naturally enough, the bigger the 
compact to be sintered, the bigger is the required 
machine, since the greater must be the electrical 
input. Satisfactory results have been obtained 
with Small compacts having a cross-section of 
less than one square inch transverse to the direc 
tion of current passage, with machines having 
ratings of 40 to 125 k. v. a. 
My invention will be understood more thor 

oughly in the light of the following detailed de 
scription of practices thereof, taken in conjunc 
tion with the accompanying single figure which 
is a schematic illustration, partly in section, of 
apparatus adapted for the practice of the inven 
tion. 

Referring to the drawing, it will be observed 
that the apparatus comprises a press G equipped 
with an upper piston and a lower piston 2 
that are slidable, respectively, in an upper cylin 
der 3 and a lower cylinder &. The pistons are 
adapted to be forced toward each other or in 
the Opposite direction by hydraulic pressure or 
the like exerted in conventional chambers (not 
shown) in the cylinders. 
A pair of plunger electrodes A, 2A are 

mounted respectively on the outside ends of the 
upper and lower pistons and insulated therefrom 
by insulating layers B, 2B. The electrodes are 
concentric and slide in the bore 5 of a die As 
that is disposed between the two cylinders and 
is supported on insulators 7A, 7B. 
The bore of the die and the cross-section of 

the electrodes may be of any desired shape. The 
bore of the die is lined with a layer & of oriented 
Overlapping metal flakes coated with a non-con 
ductive lubricant or leafing agent, such as stearic 
acid, which also serves as a binder to hold the 
flakes flat against the die wall and thus provide 
the insulating film. - 
The ends C, 2C of the electrodes which enter 

the die are coated with layers D, 2D of finely 
divided and preferably flaky material of high 
electrical conductivity and high melting point, 
for example flakes of graphite. 
The two plunger electrodes and the die enclose 
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a compact 9 of compressed metal powder to be 'g 

3. 

heat treated. The compact and the plungers are 
insulated from the bore of the die by the insu 
lating layer of metal flakes, but the compact 
and the plungers are in good electrical contact 
through the conductive layers D, 2D. 
The electrodes are connected in series in a sec 

ondary circuit 20 by means of flexible connections 
2d, 22, which may be ribbons of woven copper 
Wire, to a secondary coil 23A of a step-down trans 
former 23. The primary coil 23B of this trans 
former is disposed in inductive relationship with 
the Secondary and is connected in series in a 
circuit 25 with a conventional alternating current 
source 28, such as a 60 cycle 110 volt lighting 
circuit, through an automatic switch 26 of the 
type employed in spot welding machines and the 
like for making the circuit and breaking it auto 
natically after a predetermined number of cycles. 
The apparatus illustrated may be made by con 

verting a spot-welding machine of the press type 
by equipping it with suitable plunger electrodes, 
preferably of tungsten, and a suitable insulated 
die which may be of steel. Spot welding ma 
chines that are suited to such adaptation in 
clude the 40 k. v.a. machine made by Thompson 
Gibbs and identified as type K-18-40 (equipped 
with G. E. thyratron control and employing a 
primary 60 cycle 220 volt alternating current of 
180 amperes) and the 125 k. v. a. machine of the 
Eisler Engineering Company, identified as Press 
type #525 and equipped with 60 cycle Neotrol 
Control. 
As indicated above, suitable electrodes may be 

made of a variety of materials and should have 
high electrical conductivity and mechanical 
strength coupled with an ability to withstandai 
loying with the metal of the compact. A Compo 
sition consisting predominantly of tungsten and 
Sold by P. R. Mallory Company under the name 
Elkonite 100W is suitable, especially for non-fer 
rOS COImpactS. 
The compact to be heat-treated can be formed 

in situ from loose powder in the bore of the sinter 
ing die of the apparatus illustrated or it may be 
pre-formed by compression in a forming die. In 
any event, the compact is pressed between the 
electrodes while confined in the bore of the sin 
tering die and, while the pressure is exerted, 
current of high amperage, say of the order of a 
million or more amperes per square inch of cross 
Section, is passed through the Compact for a 
Short time, say '60 to .30 of a second. Under these 
conditions, the compact becomes plastic, espe 
cially at the points of contact between particles 
and Can be made substantially non-porous if rela 
tively low pressure, of the order of 7 tons per 
Square inch is exerted, so as to compact the pOW 
der still further and fill up the voids between 
particles. - 

As indicated above, the die may be of a non 
conductive material, such as Bakelite or other 
plastic of relatively high dielectric Strength. 
However, because of its greater mechanical 
Strength, I prefer to employ a metal die, even 
though this requires the use of an insulating 
lining. The current involved in the practice of 
my invention is high, but the voltage of this cur 
rent is relatively low, say of the order of 5 to 20 
volts. Consequently, a very thin insulating film 
is satisfactory. A paper lining may be employed 
but experience has shown that such a lining 
may be charred in the sintering and may have 
to be replaced each time a fresh compact is sin. 
tered. 
The insulating lining of flake material, for 

  



4. 
example finely-divided mica or metal flake, is 
preferred. Although in some instances overlap 
ping metal flakes without a leafing agent may be 
employed, I prefer to use metal flakes that have 
been coated with a non-conductive binder, such 
for example as stearic acid, because such agent 
increases the dielectric value of the lining and 
also holds the lining to the die wall. 
A great variety of metallic flake material may 

be used. Thus, flakes of various malleable metals, 
such as copper, gold, zinc, lead and aluminum 
may be employed. Ordinary aluminum flake ma 
terial, such as that employed in paints, is satis 
factory. Such material contains a small propor 
tion (of the order of 3%) of a leafing agent Such 
as stearic acid and is usable in the practice of 

... my invention without addition of more leafing 
agent. However, I prefer to add to such flake 
a substantial proportion of finely-divided stearic 
acid or the like employing about 1 volume of 
stearic acid powder to 2 volumes of aluminum 
flake. The powdered Stearic acid and the alumi 
nunn flake, the individual particles of which have 
already been coated with stearic acid, should be 
suspended in a suitable vehicle. 
which the leafing agent is substantially insoluble, 
say benzol in the case of stearic acid, is prefer 
able. However, other volatile vehicles, such for 
example as acetone in the case of stearic acid, 
may be employed even though the leafing agent 
is soluble therein. 
The flake lining of the die may be applied in 

any convenient manner, for example by an auto 
matic wiper or atomizer in the case of commer 
cial operation or with a brushin laboratory work. 
A single coat is all that is required, although care 
should be taken to see that all parts of the bore 
are adequately coated. The vehicle should be 
permitted to evaporate before the loose powder 
or the pre-formed compact is introduced into the 
bore of the die. It may be unnecessary to re-line 
the die each time, for the lining is relatively 
durable and may Survive during treatment of 
several compacts. However, it is desirable to re 
line the die each time. - 
With many types of metal powder, it is un 

necessary to coat the ends of the electrode plung 
ers with a finely-divided conductive material. . 
However, when there is any tendency for the com 
pact to become welded to the end of the electrode, 
it is desirable to paint the ends of the electrodes 
with graphite flake or the like. 
To consider my invention in greater detail, a 

solid copper object was formed in accordance 
with the following procedure: 
A spot welding machine of the press-type with 

a rated capacity of 125 k. v. a. was equipped with 
a cylindrical die having a bore about 4' in di 
ameter and adapted to form the apparatus illus 
trated in the drawing. The die was insulated 
from the rest of the apparatus, including the two 
cylindrical plunger electrodes which slid therein. 

A vehicle in 
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ends with graphite flake, were pressed against 
the compact in the die with a force of about 7 a. 
tons per square inch. Alternating current of 60 
cycles and about 20,000 amperes was shot through 
the compact for an instant, i.e., for 1 to 4 cycles 
of current time. 
The current thus applied brought about a thor 

ough welding together of the particles of copper 
to form a dense metallic slug. Microscopic ex 
amination of a cross-section of the slug indicated 
that the metal at the surfaces and points of con 
tact between the particles in the compact had 
been heated highly and perhaps in some in 
stances melted. However, it appeared that the 
bulk of the metal had not been highly heated, for 
there was little evidence of diffusion or change 
in crystalline character in the interior of the 
particles. 
The foregoing test was repeated employing dies 

of various materials including glass, Bakelite and 
Transite. The test was also conducted with 
metal dies which had a paper lining. In general, 
the results obtained with the lined metal dies 
Were Superior to those obtained with the non 
metallic unlined dies, and the metal flake lining 
was superior to the paper lining. 

Electrodes of various compositions, including 
copper, were used. It was found that tungsten 
electrodes were preferable in that they did not 
tend to become welded to the compacts. Thus, 
plungers made by turning down welding elec 
trodes composed principally of tungsten and 
identified as Elkonite 100W-K475 were found to 
be satisfactory, especially if the ends in contact 
with the compact are coated with graphite. 
With compacts of the size indicated, i. e., about 
4 of an inch in diameter and is to 4 of an inch 
thick, adequate bonding was attained with cur 
rent of a density of about 400,000 amperes per 
square inch. applied for one cycle or l/so of a 
second. The. pressure exterted on the compact 

... during the passage of the current therethrough 

60 

Electrolytic copper powder was pre-compacted in . 
the cold state in a die at a pressure of 5 to 10 
tons per square inch to form a cylindrical slug 
about 4'' thick and of a diameter only slightly 
less than that of the bore of the die. The die 
was lined by painting it with a suspension of 
aluminum flake and finely-divided stearic acid in 
benzol so as to form a continuous lining of 
oriented flat-lying overlapping flakes over the en 
tire bore surface. 
The precompacted copper slug was placed in 

the lined die and the electrodes, coated at their is current 
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being about 7% tons per square inch. It was 
found that these conditions of operation were 
Satisfactory for compacts made of bronze powder 
(specifically a 90 copper, 10 tin bronze), brass 
powder (specifically 70-30 brass) and alumi 
num, in addition to copper. 
Thus a number of brass, bronze and aluminum 

compacts were treated in the apparatus described 
above under the conditions found suitable for the 
treatment of copper compacts. In substantially 
all instances the results were satisfactory and 
dense compacts were formed. 

In the case of the brass compact, it was discov 
ered that the compact developed an oriented 
dendritic structure when it was subjected to a 
current of 5 to 20 volts and of a density of about 
400,000 amperes per square inch for 1 cycle of 
current, i. e., /so of a second. Microscopic ex 
amination of sections of the specimen showed the 
dendrites extending through the compact as 
more or less parallel bundles in the direction of 
current paSSage. 
When a brass slug having this oriented den 

dritic structure was subjected to a second treat 
ment under the conditions outlined above for one 
cycle of current, i. e., a total of two cycles, the 
dendritic structure tended to disappear. 
The compacts of bronze powder were made of 

a bronze powder in which the copper and tin 
were not completely diffused. A single shot of 
current for 1 cycle at a voltage of 5 to 20 and a 

density of about 400,000 amperes per 

- 
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Square foot brought about adequate bonding be-, 
tween the particles but did not cause further sub 
stantial alloying of the free copper and tin, in 
dicating that the time of treatment was So short 
that no substantial diffusion of the metallic con 
stituents Waspermitted. 
The aluminum powder compacts were ade 

quately Welded into dense compacts under the 
conditions found to be suitable for copper, brass 
and bronze. 
I claim: 
1. The improvement in the sintering of a metal 
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powder compact to bond together the particles 
thereof which comprises heating points of con 
tact between particles in the compact to a tem 
perature in the neighborhood of the melting 
point by passing through the compact an elec-2 
tric current of such amperage that the tempera 
ture at the points of contact is attained. Sub 
stantially instantaneously while the balance of 
the particles remains in a relatively cold condi 
tion, the compact being heated by the current 
while it is compressed between electrodes carrying 

20 

perature substantially instantaneously while the 
interior of the particles remains in a relatively 
cold condition, the Compact being heated by the 
current while it is compressed between elec 
trodes carrying the current and confined between 
the electrodes by die walls coated with metal flake 
lying flat against the die walls, the flakes being 
covered with a relatively non-conductive lubri 
cant. 

3. The improvement in the sintering of a metal 
powder compact to bond together the particles 
thereof which comprises heating the compact to 
a temperature at which the powders tend to Weld 
together by passing through the compact an elec 
tric current while the compact is confined by 
walls coated with a thin film of flat-lying metal 
flake coated with a lubricant of insulating chair 
acter. 

4. An apparatus for sintering metal powder 
compacts which comprises a die of conductive 
material with a cavity having interior wall Sur 
faces covered with an insulating layer composed 
of metallic flakes lying flat against the wall sur 

the current and confined between the electrodes 
by a die Wall coated with flat-lying overlapping 
metal flakes having thereon a leafing agent of in 
sulating character. 

2. The improvement in the sintering of a metal 
powder compact to bond together the particles 
thereof which comprises heating points of Con 
tact between particles in the compact to a ten 
perature in the neighborhood of the melting point 
of the metal of the compact by passing through 
the compact an electric Current of Such aim 
perage that the points of contact with such tem 
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faces and adapted to confine the metal powder 
compact to be sintered, a plurality of electrodes 
which serve to close the openings in the die CaV 
ity, at least one of the electrodes being slideable 
in the die cavity, means for compressing the 
electrodes toward each other to compress the 
compact in the die, and means for passing a cur 
rent of high amperage from one electrode to an in 
other through a compact while the latter is un 
der pressure exerted by the electrodes. 

GEORGE D. CREMER. 

  


