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METAL POWDER SINTERING PROCESS 

BACKGROUND OF THE INVENTION 

An ever-increasing number of alloys are being devel 
oped and made available for commercial and experi 
mental use which are uniformly characterized as pos 
sessing excellent oxidation resistance and excellent 
physical properties when subjected to elevated temper 
atures of a magnitude such as encountered in the com 
bustion chamber and turbine section of high 
performance gas turbine engines and the like. The con 
tinuing development of such new alloys has at least in 
part been stimulated by the requirements of aerospace 
technology for providing still further improvements in 
the durability, performance and ef?ciency of gas tur 
bine engines capable of operating at higher tempera 
tures. 
The continued improvement in the high temperature 

physical properties of such :so-called superalloys in 
cluding improvements in their tensile strength, creep 
resistance, thermal fatigue and corrosion resistance has 
been achieved by a careful control of the complex alloy 
chemistry which involves the use of a comparatively 
large number of different alloying constituents. The use 
of such a large number of alloying constituents to 
achieve a desired alloy microstructure has resulted in 
a corresponding increased dif?culty in the working and 
shaping of such alloys into articles and components 
which are of uniform composition and grain structure 
and of excellent physical properties. When such super 
alloys are cast into ingots or into castings of a pre 
scribed con?guration, the complex chemistry of the al 
loys usually results in castings which are characterized 
as having a non-uniform grain structure and a lack of 
homogeneity which is caused primarily by the segrega 
tion of massive carbides and intermetallic phases. A 
further problem arises when cast ingots of such super 
alloys must be post-worked or shaped into ?nal parts 
due to the extreme difficulty in effecting an appreciable 
degree of deformation of such superalloy blanks even 
when heated to comparatively high temperatures. 
The aforementioned problems associated with cast 

ingots and cast components comprised of superalloys 
has at least in part been overcome by employing pow 
der metallurgical techniques in which the superalloy is 
?rst reduced to a ?nely-divided powder state and is 
thereafter consolidated while con?ned within a de 
formable sheath such as by hot pressing, forging and/or 
extrusion into a mass approaching 100% theoretical 
density. Such consolidated billets of superalloy pow 
ders are characterized as being devoid of the conven 
tional voids, blow-holes or pockets ordinarily associ 
ated with billets produced by casting the same alloys 
and wherein the microstructure of the densi?ed pow 
der billets is of a uniform and ?ne-sized grain structure. 
Billets and components produced employing the afore 
mentioned powder metallurgical techniques are further 
characterized as possessing a wrought grain structure 
and having excellent high temperature physical proper 
ties. Unfortunately, such densitied billets of superalloy 
powders, as well as shaped components thereof, are 
comparatively expensive due to the large number of 
steps involved, as well as the care and trained personnel 
required, in addition to relatively expensive equipment 
employed. 
Attempts to produce sintered masses of superalloy 

powders which in spite of some porosity are of ade 
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2 
quate high temperature strength have been generally 
unsuccessful due to the relatively low strength of the 
sintered bond or neck between powder particles. At 
tempts to improve the strength of such sintered masses 
by special heat treatments and further compaction or 
densifying processes have for the most part failed to 
suf?ciently improve the physical properties to a magni 
tude necessary to meet the requirements for most high 
temperature uses. In accordance with the present pro 
cess, a twostage vacuum sintering technique is utilized 
which has provided for an unexpected increase in the 
strength of the sintered bond resulting in a sintered 
mass which is possessed of comparatively high physical 
strength properties in comparison to cast as well as 
conventionally sintered masses of the same alloy com 
position. The present process further enables the fabri 
cation of sintered parts which closely approxmate the 
?nal shape and dimensions of the ?nished component, 
thereby eliminating or minimizing ?nal ?nishing opera 
tions. Further improvements in the physical properties 
of the ?nal components can be achieved by effecting a 
further compaction of the sintered mass as well as a 
heat treatment thereof in order to achieve optimum 
properties consistent with the intended end use of the 
component. 

SUMMARY OF THE INVENTION 

The bene?ts and advantages of the present invention 
are achieved by a process which comprises the steps of 
providing a mass of a superalloy powder of the general 
type characterized as being of a nickel base and as nor 
mally having carbide and gamma-prime strengthening. 
The mass of powder is formed into a three-dimensional 
shape of a desired con?guration, whereafter the shaped 
mass is heated in an atmosphere approaching a sub 
stantially perfect vacuum to a ?rst or transformation 
temperature at which the chemical equilibrium is con 
ducive toward, and preferably, which optimizes a con 
version of primary metal carbides to secondary or com 
plex carbides. The mass is maintained at the ?rst tem 
perature for a period of time sufficient to effect an ap 
preciable conversion of the primary carbides to the sec 
ondary or complex carbides accompanied by a migra 
tion of carbides from the surface to the interior of the 
powder particles and an initiation of the diffusion 
bonding of the powder particles to each other at their 
points of contact. Thereafter, the mass, while still in an 
evacuated atmosphere, is heated to a second or sinter 
ing temperature which is above the carbide transforma 
tion temperature and may range up to a level at which 
incipient melting of the superalloy powder particles oc 
curs. The mass is maintained at the second temperature 
for a period of time suf?cient to form an integral po 
rous sintered preform in which the powder particles are 
securely bonded to each other by necks which bridge 
or interconnect adjoining powder particles at their ini 
tial points of contact. In accordance with a preferred 
practice of the present invention, the resultant sintered 
mass is further densi?ed to effect a reduction in the po 
rosity thereof and is subjected to a heat treatment, 
whereby a further enhancement and optimization in 
the physical properties thereof are achieved. 
Additional bene?ts and advantages of the present in 

vention will become apparent upon a reading of the de 
scription of the preferred embodiments taken in con 
junction with the accompanying drawing and the spe 
ci?c examples provided. 
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In accordance with the process sequence as illus 
trated in the drawing, the ?rst stage comprises a con 
version of the super-alloy of the desired composition to 
a ?nely-particulated metal powder generally having a 
particle size of less than about 425 microns and prefer 
ably of a particle size ranging from about 175 microns 
to about 10 microns. In accordance with a preferred 
practice, the powder particles are distributed over the 
range of l75 microns to 10 microns, providing for a 
greater degree of packing of the loose powder, achiev 
ing thereby a sintered preform of lower porosity. It is 
a characteristic of superalloy powders that the particles 
are generally spherical in configuration when such 
powders are formed by microcasting techniques, in 
cluding gas atomization, airless spraying and centrifu 
gal techniques for effecting a fragmentation of a molten 
mass of the alloy. Typical of a gas microcasting tech 
nique is that described in US. Pat. No. 3,253,783, 
which is assigned to the same assignee as the present 
invention and wherein a nozzle arrangement is dis 
closed for effecting an atomization of a molten mass of 
the metal into particles of controlled size. 
As will be noted in Table l, the superalloy composi 

tions generally contain a large variety of alloying con 
stituents, many of which have an affinity for oxygen at 
temperatures corresponding to those at which the al 
loys are heated to effect an atomization thereof. While 
oxygen contents in the metal powder of up to about 
300 parts per million (ppm) do not have any apprecia 
ble adverse effect on the high temperature mechanical 
properties of the resultant sintered components, it is 
usually preferred that such powders have oxygen con 
tents of less than about 100 ppm. The production of 
metal powders containing oxygen contents of less than 
about 100 ppm can readily be achieved by employing 
an inert gas, such as argon or helium, for example, to 
effect an atomization of the molten mass, as well as in 
providing an inert atmosphere in the chamber in which 
the molten particles are cooled and collected. 
Regardless of the particular technique employed for 

providing the superalloy powder, a powder of the pre 
scribed composition and average particle size range is 
shaped into a desired three-dimensional configuration, 
whereafter it is subjected to a controlled two-stage sin 
tering operation under a vacuum atmosphere. As illus 
trated in the flow diagram comprising the drawing, the 
sintering of the powder to form a preform can be 
achieved by placing the powder in a mold cavity of the 
desired con?guration or, alternatively, mixing the pow 
der with a volatile binder and cold-pressing the powder 
in a die cavity of the desired con?guration to form a 
three-dimensional briquette possessing sufficient green 
strength to retain its shape during the sintering step. 
When employing a mold, it is usually preferred to sub 
ject the mold to sonic or supersonic vibratory frequen 
cies to effect optimum packing thereof to a density usu 
ally ranging from about 60% up to about 70% of a theo 
retical 100% density. Alternatively, when an organic 
binder is employed, the cold compaction of the metal 
lic powder-binder mixture produces a green briquette 
of a density similarly ranging from about 60% to about 
70% of 100% theoretical density. In this latter regard, 
any one of a variety of well known organic binder mate 
rials can be employed in amounts usually ranging from 
about 2% up to about 5% of the powder~binder mixture 
provided that the binder is suf?ciently volatile so as to 
substantially completely decompose without leaving 

10 

15 

20 

25 

35 

40 

50 

55 

60 

65 

6 
any detrimental residue during the sintering operation. 
Binders suitable for this purpose include acrylic resins, 
paraf?n wax, phenol formaldehyde resin, polyvinyl 
chloride, polyvinyl alcohol, and the like, of which par 
affin wax constitutes a preferred material when em 
ployed in amounts of from about 1% to about 3% based 
on the total binder-powder blend. 
The green cold-pressed briquettes are prepared in ac 

cordance with known techniques wherein a uniform 
mixture of the powder and particulated organic binder 
or a solution of the binder in a volatile solvent is placed 
in a die cavity of the desired con?guration and the re 
sultant powder mixture is cold compacted at unit pres 
sures of about 30,000 psi up to about 100,000 psi or 
even higher, depending upon equipment limitations. 
The refractory mold ?lled with the superalloy pow 

der or the cold-pressed green briquettes in accordance 
with the process sequence illustrated in the drawing is 
thereafter placed in a furnace chamber capable of 
being evacuated to produce a substantially complete 
vacuum under which the powder is heated to a ?rst 
transformation temperature and thereafter to a second 
sintering temperature in a manner and for the purposes 
as hereinafter described. 

It has been found important in accordance with the 
practice of the process comprising the present inven 
tion to effect the two-stage sintering operation in a sub 
stantially evacuated environment in order to effect a 
degassing of the sintered part and also to prevent any 
reaction and particularly oxidation of the metal alloy at 
the elevated temperatures encountered. The entrap 
ment of gases within the enclosed pores of the resultant 
sintered matrix has been found to cause pore swelling 
and premature failure of the components when subse~ 
quently heated to elevated temperatures during use. 
While vacuums of a magnitude as high as about 1000 
microns (microns of mercury absolute) have been 
found satisfactory in many instances, it is usually pre 
ferred that vacuums of less than about 100 microns and 
especially less than about 10 microns assure repetitive 
high strength mechanical properties of the resultant 
sintered component. It is also usually preferred to ini 
tially purge the furnace chamber of air by filling with 
an inert gas, such as argon for example, and thereafter 
drawing a vacuum such that any residual gases remain 
ing comprise inert constituents which are not reactive 
with the alloying constituents of the superalloy powder. 
After the appropriate vacuum has been attained, or 

concurrently therewith, the refractory mold ?lled with 
metal powder or green briquettes is progressively 
heated to a ?rst temperature which may more aptly be 
described as a carbide transformation temperature and 
at which the chemical equilibrium favors a conversion 
of primary carbides to complex carbides in accordance 
with the following equation: 

MC 2 M23 C6 + gamma-prime 

wherein: 
M comprises a metal such as titanium, chromium, 

molybdenum, etc., depending upon the speci?c alloy 
employed forming a carbide; 
MC comprises a primary carbide such as (Ti 0.6; Cr 

0.2; Mo 0.2)C; and 
M23 C6 comprises a secondary or complex carbide. 
Generally the carbide transformation temperature 

for superalloys of the type to which the present inven 
tion is applicable is within a relatively narrow band lo 
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cated somewhere between about l600° up to about 
2000°F. The speci?c transformation temperature to 
which the powder is heated during the ?rst stage sinter 
ing operation will vary depending upon the chemistry 
of the alloy and is selected so as to optimize the conver 
sion of primary carbides to complex carbides plus gam 
ma-prime such that at the conclusion of the ?rst stage 
sintering step, the secondary or complex carbides are 
in abundance, while the primary carbides are present 
in substantially small quantities. The duration of the 
?rst stage sintering step will vary depending upon the 
speci?c alloy composition employed and is controlled 
so as to effect an appreciable transformation of primary 
to secondary carbides and a migration of the carbides 
from the surfaces of the powder particles to their interi 
ors. Generally sintering times of from about 10 hours 
up to about 100 hours will enable the attainment of a 
conversion of the primary to the secondary carbides at 
the speci?c transformation temperature employed. 
First stage sintering periods greater than about 100 
hours have not been found to provide for any apprecia 
ble benefits and are usually commercially undesirable 
for economic considerations. 

In addition to effecting a transformation of primary 
to complex carbides, an initial diffusion bonding or sin 
tering of the particles at their points of Contact also oc 
curs during the ?rst sintering stage forming a so-called 
“neck," which progressively grows, particularly during 
the second sintering stage, forming an integrally 
bonded three~dimensional matrix of increased density. 
At the completion of the ?rst sintering stage, the pre 

sintered matrix is heated to a second or sintering tem— 
perature which is conventionally selected as one 
slightly below or at about the incipient melting temper 
ature of the alloy to promote a more rapid atomic diffu 
sion and neck growth in order to complete the sintering 
step. While temperatures at or slightly above the trans 
formation temperature employed in the ?rst sintering 
stage can be used in the second sintering stage, the rate 
of diffusion and neck growth is generally too slow from 
a commercial standpoint, and it is for this reason that 
temperatures at or about the incipient melting point of 
the alloy are used. The incipient melting point for most 
superalloys generally ranges from about 2l00°F up to 
about 2350°F, at which optimum atomic mobility is 
achieved to promote the diffusion reaction and neck 
growth. 
conventionally, the second stage sintering step is car 

ried out for a period of time to achieve maximum densi 
?cation and pore shrinkage of the powdered mass. For 
most superalloys time periods of from about 1 hour up 
to about 20 hours when heated to a temperature 
slightly below or at the incipient melting point of the 
alloy are satisfactory for achieving optimum mechani 
cal properties of the resultant sintered matrix. The re 
sultant sintered mass, depending upon the specific 
powder particles employed and the duration of the sec 
0nd stage sintering operation, will have porosities usu 
ally ranging from about 20% to about 10% by volume. 
The unexpected improvements in the high tempera 

ture physical properties of the resultant sintered matrix 
is not fully understood at the present time due to the 
complexity of the transformation reactions and the dif 
fusion mechanism by which a bonding and neck growth 
is effected during the first and second sintering steps. 
As a possible explanation, it is theorized that during the 
?rst-stage sintering operation, the primary carbides 
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predominantly present on the surfaces of the powder 
particles are converted to secondary or complex car 
bides which migrate toward the interior of the powder 
particles such that the necks formed through the 
atomic diffusion mechanism are substantially devoid of 
deleterious primary carbide phases, imperfections and 
brittle phases which apparently seriously detract from 
the physical properties of the ?nal sintered matrix. In 
accordance with the present process, the conversion of 
primary carbides to complex carbides and gamma 
prime results in a bonding neck formation during the 
?rst sintering stage which is substantially “clean” and 
devoid of brittle carbide phases and the rapid neck 
growth during the ?nal sintering stage prevents any ap 
preciable reconversion of complex carbides to primary 
carbides. The resultant sintered matrix is, accordingly, 
possessed of unexpectedly high mechanical properties. 
It will be understood, however, that the foregoing the 
ory does not comprise any part of the present invention 
and is merely offered as a possible explanation of the 
unexpected results obtained. 
At the conclusion of the ?nal sintering operation, the 

sintered matrix is removed from the furnace and con 
ventionally is of a density ranging from about 80% to 
about 90% of theoretical density. In accordance with 
the preferred practice, as illustrated in the flow dia 
gram comprising the drawing, the sintered porous pre 
form can be further compacted or densified such as by 
cold or hot coining and cold or hot pressing to provide 
for a more accurate sizing and shaping of the preform 
and to effect a further densi?cation thereof from about 
90% up to about 100% theoretical density. Alterna 
tively, the sintered preform can be subjected to cold or 
hot forging in which a comparatively high deformation 
thereof is effected, producing forged components or 
parts of a desired shape and of densities approaching 
100% theoretical density. 
The sintered preform with or without further densifi 

cation is also preferably subjected to a heat treatment 
to optimize and further enhance the physical properties 
thereof consistent with the intended end use of the 
component. Typical heat treatments include a heating 
of the sintered preform to a temperature above the 
gamma-prime solvus to effect dissolving of the gamma 
prime whereafter the preform is quenched. The resul 
tant structure having a very ?ne-sized and uniform 
gamma-prime can thereafter be aged to grow the gam~ 
ma-prirne phase to a size and morphology consistent 
with the properties desired at the ultimate operating 
temperatures. In lieu of the foregoing, any conven 
tional heat treatment cycle can be employed to achieve 
a desired modi?cation of the properties of the preform 
consistent with its intended end use. 

In order to further illustrate the benefits of the pro 
cess comprising the present invention, the following ex~ 
ample is provided. It will be understood that the exam 
ple is provided for illustrative purposes and is not in 
tended to be limiting of the scope of this invention as 
herein described and as set forth in the subjoined 
claims. 

EXAMPLE 1 

A quantity of a superalloy powder having a composi 
tion corresponding to the alloy lN-lOO as set forth in 
Table l and of an average particle size of 75 microns 
was mixed with 2% by weight of paraffin wax as a 
binder and placed in a steel die cavity shaped as a dog 



3,888,663 

bone tensile specimen and compacted under a pressure 
of 60,000 psi. The green compact was thereafter re 
moved from the die and placed in a vacuum furnace at 
1800°F for a period of 15 hours at a vacuum of about 
1 micron. At the completion of the ?rst stage sintering 
operation, the furnace was increased in temperature to 
2250°F and the pre-sintered matrix was sintered for an 
additional 24 hour period, after which it was removed. 
For comparative purposes, green compacts of the 

same material were sintered in a one-stage sintering op 
eration at 2250°F for 24 hours in a vacuum atmosphere 
and thereafter removed. Comparative test data of the 
ultimate tensile strength, the yield strength and the per 
cent elongation of test specimens prepared from the 
two-stage sintering step (Sample A) in accordance with 
the practice of the present invention, the one-stage sin 
tering step {Sample B) and from a cast ingot (Sample 
C) of the iN-lOO alloy, are set forth in Table 2. 

TABLE 2 

lUltimate Tensile ‘0.2% Yield Percent 
Sample Strength (psi) Strength (psi) Elongation 

A l 57,000 l25,000 13 
B 119,600 108,300 7 
C 147,000 125,000 7 

It is apparent from an examination of the compara 
tive yield strengths, ultimate tensile strengths and per 
centages elongation of the three samples that the sin 
tered superalloy component produced in accordance 
with the two-phase sintering process comprising the 
present invention is substantially superior in compari 
son to the single phase sintered material in all three cat 
egories and signi?cantly superior than the as-cast alloy 
with respect to both ultimate tensile strength and per 
centage elongation. 

EXAMPLE 2 

Sintered preforms corresponding to Sample A of Ex 
ample l are subjected to a further compaction step by 
cold coining the specimens at 100,000 psi, effecting an 
increase in their density of from about 90% to about 
97% of 100% theoretical density. The cold compacted 
preforms are thereafter annealed at 2250°F for a period 
of 24 hours in vacuum. The resultant test specimens 
have an ultimate tensile strength of about 168,000 psi, 
a 0.2% yield strength of about 140,000 psi and a per 
cent elongation of about 17%. 

EXAMPLE 3 

A quantity of superalloy powder identical to that em 
ployed in Example 1 is placed in a refractory mold cav 
ity and sintered in a vacuum of one micron at 1800° for 
a period of 15 hours followed by a second phase sinter 
ing step at 2250°F for 24 hours. The resultant sintered 
preform is removed from the mold cavity and has a 
density of about 80% of 100% theoretical density. The 
preform, after a correction of cross sectional area to 
compensate for density variations, has physical proper 
ties comparable to those obtained on Sample A of Ex 
ample 1. 
While it will be apparent that the invention herein 

disclosed is well calculated to achieve the bene?ts and 
advantages hereinabove set forth, it will be appreciated 
that the invention is susceptible to modi?cation, varia 
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10 
tion and change without departing from the spirit 
thereof. 
What is claimed is: 
1. A process for making sintered articles which com 

prises the steps of providing a mass of nickel-base su 
peralloy powder having an oxygen content of less than 
about 300 ppm and of the type characterized as nor 
mally having carbide and gamma-prime strengthening, 
forming said mass of powder into a three-dimensional 
shape of the desired configuration, heating the shaped 
said mass of powder in the substantial absence of a sur 
rounding atmosphere to a ?rst sintering and transfor 
mation temperature ranging from about 1600° to about 
2000°F at which the chemical equilibrium is conducive 
for effecting a conversion of primary carbides to com 
plex carbides, maintaining said mass at said ?rst sinter 
ing temperature for a period of time to effect an appre 
ciable conversion of said primary carbides to said com 
plex carbides under the prevailing equilibrium condi 
tions and to initiate a diffusion bonding and neck for 
mation between the powder particles at their points of 
contact, heating said mass of powder to a second sinter 
ing temperature above said ?rst temperature up to the 
incipient melting point of said powder particles for a 
period of time suf?cient to effect growth of said neck 
and the formation of an integral porous sintered pre 
form, and thereafter cooling said preform. 

2. The process as de?ned in claim 1, including the 
further step of applying pressure to said preform to ef 
fect a reduction in the porosity thereof. 

3. The process as de?ned in claim 1, including the 
further step of heat treating said preform to improve 
the physical properties thereof. 

4. The process as de?ned in claim 1, wherein said 
transformation temperature is selected at the level at 
which the chemical equilibrium maximizes the conver 
sion of primary to complex carbides. 

5. The process as de?ned in claim 1, wherein said su 
peralloy powder is of an average particle size less than 
about 425 microns. 

6. The process as de?ned in claim 1, wherein said su 
peralloy powder is of an average particle size ranging 
from about 175 microns to about 10 microns. 

7. The process as de?ned in claim 1, wherein the 
heating of the shaped said mass at said ?rst tempera 
ture is performed in a vacuum of less than about 1,000 
microns. 

8. The process as de?ned in claim 1, wherein the 
heating of the shaped said mass of powder at said ?rst 
temperature is performed in a vacuum of less than 
about 10 microns. 

9. The process as de?ned in claim 1, wherein the 
forming of said mass of powder into a three 
dimensional shape is achieved by loosely con?ning said 
powder in a mold cavity of said desired con?guration. 

10. The process as defined in claim 1, wherein the 
forming of said mass of powder into a three 
dimensional shape is achieved by admixing an organic 
binder with said powder and thereafter compacting the 
powdered mixture in a die cavity of said desired con?g 
uration under pressure. 

11. The process as de?ned in claim 1, wherein said 
?rst sintering and transformation temperature is about 
1800°F. 


