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ABSTRACT 0F THE DISCLOSURE 
lIn accordance lwith the invention a metallic body in 

pre-pressed lower density form is heated to a tempera 
ture suiiiciently high for subsequent consolidation by 
compaction under high pressure, the heated body is trans 
ferred into a heated container at a loading station where 
the contained body is embedded in granular refractory 
material, following which the heated container and its 
contents are moved to a compaction station at which the 
body and refractory material are displaced out of the 
container into a die cavity and therein subjected to com 
paction under pressure suiiiciently high to consolidate 
the body to' in excess of 95 percent of its theoretical 
maximum density. 

BACKGROUND OF THE INVENTION 

In certain of its aspects the invention is directed to im 
provements over the process disclosed in Pat. No. 3,356, 
496, issued Dec. 5, 1967, to me on “Method of Producing 
High Density Metallic Products.” According to a specific 
contemplation of the patented process a metallic part to 
be consolidated is placed in a particulate or coherent 
heated refractory, e.g. ceramic, container and the con 
tainer and body are introduced to a die cavity wherein 
both the body and container are subjected to compaction 
at high pressure required for consolidation of the metallic 
body. 

SUMMARY OF THE INVENTION 

The present invention has in common with the patented 
process the treatment of a prepared body or prepress in 
the final consolidation stage under similar pressure, 
temperature and heat transference conditions, but im 
proves upon the predecessor process with respect to pre 
il'inal consolidation handlings and treatments given the 
prepress and granular material that ultimately becomes 
the refractory container during final consolidation. 
As will later develop, although the patented process 

may include use of granular refractory material, the 
general procedure differs from the process herein contem 
plated as for example with respect to details of heating 
the prepress or body to be consolidated within a con 
tainer followed by transference from the container of 
its contents into the compaction die cavity. 
Among the benefits of the presently contemplated pro 

cedures are faster heating of charges, minimized refrac 
tory or ceramic contamination, and ceramic reclaim 
ability by simple low cost operations. The invention 
achieves optimum control of consolidation temperatures, 
minimized start-up and down times, together with the 
employment of a heating and transfer system accessible 
at all times for maintenance and adjustment without 
causing serious down-time problems. 

Objectively contemplated by the invention is the em 
ployment of flowable refractory grain as a medium for 
consolidation pressure transfer toL the work body. Fre 
quently by adsorption, e.g. as in the case of alumina, 
the refractory grain becomes contaminated by moisture 
or other substances that can be volatilized from the grain. 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

3,689,259 
Patented Sept. 5, 1972 

2 
According to the invention the grain is preheated at 
least to a temperature sufficiently high to drive olf 
volatile contaminants including adsorbed moisture. In 
order to reduce or minimize heat losses from the pre 
heated work body to the embedding grain, preheating of 
the latter desirably is carried to higher temperature levels 
which may approximate the preheat temperature of the 
heated pre-pressed body. Thus the refractory grain may 
serve the dual functions of a compactible pressure trans 
fer medium and also as a medium for preservation of 
preheat in the work body, thus to assure maintenance of 
necessary temperature levels for consolidation of the pre 
press. 

Contemplated also is the employment of a technique 
involving use of a heated temporary container for initial 
reception of the preheated work body and embedding 
refractory grain, and transference of the container from 
what may be termed a loading station to a discharge or 
compaction station at which the contents of the con 
tainer are displaced into the cavity of a high pressure re 
sist-ant die for final consolidation of the workpiece. 'I‘hus 
the container serves primarily as a material transfer means 
and itself need not be designed for high pressure resist 
ance since application of the high consolidation pressure 
is confined to the die. 
The materials and physical steps employed adapt to 

an operating sequence according to which the preheated 
work body which has been pre-formed to a unitized state 
at relatively lower density, is introduced to the heated 
container at a loading station followed by introduction to 
the container of a measured quantity of the refractory 
grain. This procedure may involve also the removal and 
return of a heated container closure, all in timed rela 
tion with the container loading, transference of the con 
tainer to the die location, and finally displacement of 
the container contents into die cavity, all as will later 
appear. Pre-packing of the refractory grain may occur 
at the loading station and be accomplished by a plunger 
sized to enter the container with its cover removed. 

After shifting of the container into overlying align 
ment with the die cavity, a vertically reciprocating punch 
displaces both the grain and work body including the 
bottom layer of grain, down into the die cavity wherein 
continued travel of the punch subjects the body to high 
pressure compaction by pressure transfer through or 
within the grain, the temperatures and pressures em 
ployed being, as previously indicated, suflicient to con 
solidate the body to a density increase in excess of 95 
percent, and most usually closely approaching 100 per 
cent, of the theoretical maximum density. 
Thus because of the physical state of the facilities em 

ployed, including notably the use of freely ñowable re 
fractory grain and quick shiftability of the heated con 
tainer, it is possible to achieve high production rates of 
a wide variety of consolidated metallic products in equally 
varied sizes, shapes and particular compositions. 
The invention will be further understood from the 

following detailed description of the accompanying draw 
ing which is illustrative diagrammatically of typical op 
erating sequences in keeping with the invention: 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The process may be regarded generally as comprising 
means indicated at 10 for feeding refractory grain from 
a supply source 10 into a container 11 at the designated 
loading station at which the container also receives the 
heated prepress 12, following which the loaded container 
is transferred to the designated consolidation station 
beneath punch 13 and in alignment with a die cavity 
14 which receives the packed embedding grain and the 
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preformed body itself as a result of displacement out of 
the container 11 by the down traveling punch 13. 

It is to be understood that the supply source as indi 
cated at 10 is to be regarded merely as illustrative of any 
suitable means for controllably delivering the grain to 
the system, either in heated or unheated condition. Where, 
as most usually, the grain will be given some degree of 
preheating, the heat may be supplied by elements 24 
embedded in the grain at spacing sufficiently close to 
assure efficient and uniform heating of the grain. 

Useable refractory grain materials may be character 
ized as comprising any of or mixtures of the ceramics, re 
factory compounds, carbon, and graphite. The term ce 
ramics is intended to include those chemically combined 
metal compounds and compositions which have come to 
be characterized as ceramics. The latter include such me 
tallic oxides as oxides of any of silicon, aluminum, 
barium, calcium, magnesium, thorium, and zirconium, 
as well as such oxide complexes, as of combinations of 
any of silicon, calcium, or magnesium oxides that exist 
in earths and clays; also metallic sulfates, e.g. sulfates or 
barium or calcium; aluminates, e.g. aluminates of cal 
cium or magnesium; silicates, e.g. silicates of aluminum, 

' calcium or zirconium; and such fiuorides as calcium 
ñuoride. The term refractory compounds is intended to 
include those high melting point inorganic compounds 
not always characterized as ceramics, including the 
nitrides, borides, carbides, silicides, and sulñdes of both 
metals and nonmetals, in the form of simple or complex 
compounds. Binders need not be added to the refractory 
grain. However, binders may be added if they do not 
interfere with the flow and packing of the grain, are not 
contaminative to the consolidated product, and provide 
positive advantages such as minimizing the loss of re 
fractory grain in the transfer operations. 
A practical size of refractory grain for this process 

is in the range of 325 mesh to 100 mesh grain, although 
coarser and liner grain and mixtures may be used for 
special purposes. Finer grain tends to dust and may not 
pack to as high a density as coarser grain. Coarser grain 
usually penetrates more deeply into the surface of a part 
being consolidated than does a iiner grain, making surface 
clean-up more diñicult. It may be desirable in some cases 
to use controlled mixtures of particle sizes in Order to 
obtain the best total grain characteristics. 
The grain may be preheated or not, depending mainly 

on: the size and configuration of the part to be consoli 
dated; desire to limit the cost and complexity of grain 
ltransfer mechanisms; the rate at which parts are to be 
consolidated; and chemical purity considerations, as de 
scribed in more detail below. If the grain contains vola 
tiles that may be damaging to the part being consolidated 
(such as water vapor), it can be preheated in a separate 
operation to remove the volatiles, and stored under clean, 
dry conditions until used, or the grain may be preheated 
directly prior to loading into the hot transfer container. 
For larger billets and solid parts, where grain volume 

is small relative to part volume, it may be most practical 
and economical not to preheat the grain to a high tem 
perature before loading the grain into the hot transfer 
container and around the part. Under these circum 
stances, the later described hot transfer container and/ or 
the hot part will provide the heat capacity for bringing 
the grain to a satisfactory temperature prior to or during 
consolidation. The major factors influencing heating pro 
cedures here would be: the grain volume relative to part 
volume, the thermal conductivity of the part to assure 
that heat lost from the part surface to the surrounding 
grain will be replaced rapidly by heat ilow from the in 
ternal mass of the part without creating undesirable tem 
perature gradients in the part; the ability of the part to be 
brought to a higher temperature than needed for consoli 
dation to ‘provide the extra heat capacity for heating the 
grain; and the ability of the grain to ñow and deform 
properly to distribute consolidation pressures under less 
than fully hot conditions. 
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4 
For smaller shaped parts, hollow parts, and parts which 

are to be consolidated at a maximum rate with assured 
temperature control, major advantages are gained by pre 
heating the grain to a high temperature corresponding 
to the part consolidation temperature or above, before 
loading the grain into the transfer container. This pro 
cedure can eliminate volatiles, prevent loss of heat from 
the part prior to consolidation, and provide for a faster 
ñow of parts through the process with a Smaller parts 
handling system. It also minimizes contact time between 
the grain and the -part to be consolidated, at the high 
temperatures where surface reactions can occur. 

Normally, for consolidation of iron and other similar 
melting point alloys, a fused aluminum oxide grain of 
minus 100 mesh grain size provides satisfactory char 
acteristics for this process. It is resistant to self bonding 
and sintering when ñowed over a hot hearth for the pur 
pose of preheating. It packs well by vibration or tamping 
around a part to be consolidated (usually to a density 
about 50% of theoretical) to provide a firm external and 
internal support for the part during transfer operations. 
During consolidation at temperatures in the order of 
1900° to 2300° F., it ñows by crushing and deforming to 
a density of about 80% of theoretical, the final density 
being primarily dependent on the particular grain ma 
terial used, its particle size and distribution, and the tern 
perature and pressure of consolidation. As both the part 
and the grain are compressed longitudinally in consolida 
tion, the grain ñows to distribute pressures uniformly 
enough so that the part is consolidated to a density at or 
near theoretical density. 

In consolidation, the cross-sectional conñguration of the 
part is essentially maintained while the length of the part 
is reduced in proporation to the change in density. 
Enough open continuous porosity normally is maintained 
in the grain to permit the escape of gases from the part 
being consolidated. The fused alumina grain is relatively 
inert chemically to most metals at temperatures up to 
about 2200" F., and after consolidation and ejection 
from the die, the grain breaks and sandblasts away readily 
from part surfaces. During consolidation, the grain acts 
as a satisfactory thermal barrier to prevent heat ñow 
from the part to the die, so that the part develops uniform 
consolidated properties throughout its mass. 

With many products, the lower hardness and greater 
deformability of silica (SiOz) at elevated temperatures 
can make it advantageous to use silica or a similar mate 
rial as a refractory grain. For very high temperature con 
solidations (such as the refractory metals and refractory 
compounds), it can be advantageous to use materials such 
as thorium oxide, zirconium oxide, boron nitride, car 
bon, etc., as simple compounds or in combination with 
other refractory materials, to provide better properties in 
consolidation than to lower melting point refractory 
grains. Where it may be necessary or desirable to remove 
refractory grain material from a consolidated part by 
chemical means, or to provide other particular properties, 
acid soluble refractory grain such as magnesium oxide or 
calcium oxide may be used. 

:In reference now to the prepress y12 whose composition 
determines that of the ñnal consolidated product, the gen~ 
eral powder compositions which can be consolidated into 
products using the loose grain method include the fol 
lowing: pure or blended elemental powders, e.g. Mo, Fe, 
W, Ni, Cr, Co, etc.; prealloyed powders, e.g. stainless 
steel; ceramic and refractory compounds such as metal 
oxides, carbides, borides, nitrides, etc.; metal-ceramic, 
metal-carbide, etc. mixtures, e.g. Fe alloy plus aluminium 
oxide addition; and combinations of materials as cores 
and claddings, fibers and powders. Binders may be used if 
compatible with heating techniques and the iinal required 
properties of the product. 
The particle size of the powdered material may be 

that employed in conventional powder metallurgy, and 
may vary from less than 1 micron average diameter up 
to about 30 mesh or larger. 
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fProducts which are to be consolidated by the loose 

grain process must have a preliminary product form 
which will retain its shape and integrity during heating 
and handling, prior to enclosure in the refractory grain. 
Typical methods used to provide preformed products in 
clude: IPowder is packed in a container (such as atomized 
superalloy powder of high hardness packed in a formed 
metal container or in a sprayed or cast metal or ceramic 
container); powder is packed in a container or mold and 
presintered to provide preliminary properties or initial 
diffusion before consolidation (such as electrolytic tung 
sten powder packed and presintered in a split ceramic 
mold); powder is pressed to a preliminary product form 
with or without a container (such as iron alloy powder 
isostatically pressed in an elastomer mold to a gear or 
other form, or tool steel powder pressed inside a tubular 
container in a steel die); powder is pressed to a prelimi 
nary product form with or without a container and pre 
sintered prior to consolidation (such as a stainless steel 
composition blend of elemental powders which will benefit 
from a diffusion heat treatment before consolidation). 
The temperature to which the material to be consoli 

dated is heated depends on: the composition and form of 
the product; the consolidated properties desired (such as 
metallurgical structure, strength, density, etc.), the unit 
pressures available in consolidation; potential reactions 
with the refractory grain; and the rate of product flow 
desired through the process. In general, it is desirable to 
consolidate at the highest safe temperature that is com 
patible with obtaining the density, properties, and quality 
required in the final product. A refractory grain normally 
can be selected which allows satisfactory consolidation in 
line with these considerations. The examples below illus 
trate how specific consolidation temperatures may be 
chosen: 

(a) For some alloys such as Ti-Al-V alloys, it can be 
desirable to consolidate at a temperature below about 
1825° (roughly 62% of the temperature at which the 
alloy begins to melt) in order to maintain an alpha struc 
ture. Unit pressures in the order of 35 t.s.i. (tons per 
square inch) should be available if consolidation to »full 
density is to be accomplished at 1-825°. A following heat 
treatment may be necessary to develop the full properties 
of the alloy. 

`(b) Some of the superalloys (such as the nickel and 
cobalt base alloys) have high strength and resistance to 
deformation at temperatures close to their melting points. 
With these alloys, full densities and good properties can 
'be obtained by consolidation in the range of 2lO0-2300° 
1F. (roughly 90-98% of the temperature at which melting 
begins), using pressures of about 35 t.s.i. 

(c) With prealloyed stainless steel powders, full densi 
ties and good properties are obtained by consolidation at 
200G-22.00° F. (roughly 75~85% of the temperature at 
which melting begins), using pressures of about 30 t.s.i. 

(d) With stainless steels made from blended elemental 
powders such as iron, nickel, chromium, and molybde 
num, preheat temperatures of '2300-2400" F. (roughly 
85-95% of the temperature at which melting begins) will 
speed diffusion of the alloying elements and allow a ̀ faster 
flow of product through the process. Consolidation still 
may be carried out at a low temperature in the order of 
2000-2200° F., for handling or other reasons. 

(e) With tool steels and alloy steels made from blended 
elemental powders, the major factors determining preheat 
and consolidation temperatures include: the particle sizes 
of powders used; the properties desired in the product; 
the rate of product -ñow desired; and the best conditions 
for reduction of oxygen in the powders by excess carbon 
in the blended mixtures. Normally, these alloys will be 
preheated to 2200-2400° F. before consolidation (rough 
ly 75-95% of the temperature at which melting begins), 
with consolidation at about 2200° F., using pressures 
around 30 t.s.i. or higher. 

(f) With a refractory metal such as molybdenum, con 
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solidation to over 99% of theoretical density has been 
accomplished at a temperature of about 3000° F. (63% 
of melting point), using pressures around 35 t.s.i. held Ifor 
only a fraction of a second. Other tests indicate that to 
consolidate tungsten in a matter of seconds to a density 
near theoretical will require consolidation temperatures 
in the order of 3300° F. (54% of melting point) and 
pressures around 35 t.s.i. 
Some or all stages of the process may operate in a con 

trolled atmosphere, the composition of which is predeter 
mined in accordance with such factors as materials em 
ployed and their behavior at temperatures to which they 
arc exposed. Accordingly, in the drawing I have indicated 
at 15 the general outline of an enclosure within which 
may be accommodated the various stages of the process. 
A number of gases may be used for atmospheres in the 

process, including inert, reducing, oxidizing, carburizing, 
nitriding, and neutral gases. They may be used separately 
or as mixtures. Their normal purpose is to protect the 
heating equipment, the refractory grain, and/ or the prod 
uct being consolidated. The choice of a specific atmos 
phere for heating and consolidating a specific product will 
depend primarily on certain gas properties such as: chemi 
cal reactivity or inertness in relation to the product and/ 
or the refractory grain; solubility in the product; thermal 
conductivity; density; ability to be purified; convenience 
:relative to use and preventing contamination; and cost. 

Argon is an example of an inert gas available in quan 
tity in a high purity form at an acceptable cost. Argon’s 
high density and atomic weight, and its large atom size 
are favorable properties for the design of heating and 
transfer equipment to avoid leakage and contamination 
by other gases. Argon’s low thermal conductivity can de 
crease heat loss from the product after it has been 
brought to temperature and during transfer operations. 
It is a true inert gas, is non-explosive and can be purified 
satisfactorily for recirculation. 

Hydrogen is an example of a reducing gas available in 
pure form in quantity at an acceptable cost. Hydrogen 
will dissolve in and/or react with many materials (e.g., 
titanium, zirconium, carbon, boron), and its use with such 
materials may require special techniques or protective 
measures. Its low density and atomic weight provide prob 
lems in preventing back diffusion of air into hydrogen 
filled enclosures or equipment. »Its high thermal conduc 
tivity can greatly increase insulation requirements for 
heating equipment, and cause rapid heat loss from the 
surface of a hot part as it is transferred from a heating 
station. Hydrogen is explosive when mixed with relative 
ly small quantities of oxygen. lIt can be purified readily, 
and is considerably lower in cost than argon. 

Other gases that may be used in the process are gases 
such as helium, nitrogen, dissociated ammonia, carbon 
monoxide, the endothermic and exothermic gases, hydro 
carbons, etc., used separately or mixed to provide specific 
properties. 
For some applications, it could be desirable to preheat 

the product prior to consolidation in a partial or full vac 
uum to help remove gaseous reaction products (e.g., car 
bon monoxide and carbon dioxide from the reduction by 
carbon of oxides in a powder mixture), or to help re 
move volatile products such as sulfur. For most products, 
it appears most practical to carry out the final transfer 
and consolidation steps in a gas atmosphere rather than in 
avacuurn. 

Again in reference to the drawing the refractory grain 
is shown to be fed under control as by release gate 16 
into the transfer container 11 to a depth suiiicient to fully 
embed the preheat 12. Initially a quantity of the grain 
may be introduced to the container to a depth suíiicient 
to form a bottom layer L which subsequently is displaced 
out of the container together with the grain and prepress 
charge at the consolidation station. Plunger 17, which 
may or may not be heated, operates to compact the layer 
L by descent into the open top container, and also to pack 
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the grain over the prepress 12. Upon completion of the 
container loading, its cover 18 is shifted to close the con 
tainer and its contents. If desired, provision may be made 
as indicated by heating units 19 and 20 for heating the 
container with or without continuance of the heating to 
its arrival at the consolidation station. For transference 
of the heated prepress suitable means such as tongs 21 
may be used and Where conservation of the prepress heat 
may be important, a surrounding heating means 22 may 
be provided. Thus at the completion of loading, the 
closed container 11 is shifted to the consolidation station 
in vertical alignment Iwith the punch 13 and die cavity 14. 
The transfer container can potentially be loaded for 

transfer operations at temperatures ranging from room 
temperature to roughly the temperature of the prepress. 
In choosing a material for the transfer container, factors 
to be considered are: heat capacity; thermal conductivity; 
strength and stability at the maximum temperature of 
use; hardness and erosion resistance; physical and thermal 
shock resistance. 
For large parts and billets, the transfer container may 

either be unheated or heated to an elevated temperature 
up to about the temperature of the part. Lower transfer 
container temperatures can improve handling conven 
ience, allow a wider ̀ range of container material choices, 
and provide better container life. However, with an un 
heated or low temperature transfer container, the refrac 
tory grain and/or the hot part must have enough heat 
capacity to provide satisfactory grain and product tem 
peratures for consolidation, and it becomes more desira 
ble to use fast transfer speeds. Stainless steels may be 
suitable for use up to about 1000° Inconels and similar 
oxidation resistant alloys can be suitable up to tempera 
tures of about 2200“ F. Higher melting point materials 
such as molybdenum and pyrolitic graphite can be used 
for higher container temperatures. 
For smaller parts and the most eñicient process flow, 

it normally will be desirable to maintain the transfer 
container at an elevated temperature to minimize heat 
loss from the part. The smaller size of the container in 
these circumstances makes possible the use of materials 
not always available in large forms, including tungsten, 
va-rious ceramics, and the refractory compounds. 

In the consolidation stage, after the container 11 is 
moved over the die cavity 14, descent of the punch 13 
displaces the grain pack G and part 12 down out of the 
container into cavity 14, during which displacement the 
die plunger 23 also is displaced down against the nominal 
back pressure employed to bring the plunger to its illus 
trated position and support the weight of the charge to 
be consolidated. While not shown, any of various forms 
and compositions of die cavity liners may be used as 
shown for example in my Pat. No. 3,356,496. Upon com 
pletion of the part consolidation, elevation of the plunger 
displaces the grain charge and part 12 up out of the die 
cavity. 
The general range of pressure application rate by punch 

13 to the embedded body 12 after displacement into the 
die cavity 14 may be from l1/2”40’l per second. For large 
volume product possibilities such as the iron, nickel, and 
cobalt base alloys, successful consolidations have |been 
carried out with pressure application (ie. punch travel) 
rates in the order of 2-6 inches per second. 
The primary purpose of a fast rate of pressure applica 

tion is to reach full consolidation pressure and full com 
paction of the product while the refractory grain and 
product are at a desired high temperature. However, the 
rate of pressure application also should be slow enough so 
that gases existing in a free state in the product and re 
fractory grain are satisfactorily expelled as the product 
and grain are compacted. 

Stainless steel alloys have been consolidated to full 
density in alumina grain at pressures ranging from 25-«35 
t.s.i. Other hard alloys such as the stellites, superalloys and 
hastelloys also have been consolidated to full density at 
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35 t.s.i. With lower melting point, lower strength alloys of 
metals such as aluminum and copper, and with lower melt 
ing point refractory grain, it is ‘believed that satisfactory 
consolidation can be accomplished at pressures as low as 
10 t.s.i. 
The following are illustrative procedures and materials 

employed in accordance with the invention: 
In keeping with the drawing description as being dia 

grammatic, reference numerals are omitted in the ex 
amples as to various steps and operations which are 
known in the art, for example preparation and prelimi 
nary compacting of the body to be consolidated, particu 
larization of the shape of the prepress and its accommo 
dation within a precompa'ction die or can, and the use of a 
protective liner within the die cavity 14. It will ‘be under 
stood that the “die cavity” expression used in the claims 
is intended to be inclusive of a lined or unlined cavity. 

EXAMPLE 1 ' 

A 40 pound M-2 tool steel billet can be prepared by 
the loose grain consolidation method using a 700 ton press 
and a powder mixture containing: 

Iron, 79.0%, as 20 micron powder 
Chromium, 4.0%, as l0 micron powder 
Vanadium, 2.0%, as 10 micron powder 
Tungsten, 6.5%, as 3 micron powder 
Molybdenum, 5.0%, as 3 micron powder 
Carbon, 1.5%, as minus 325 mesh lampblack 
Carbon is added in this alloy in excess of the normal 

amount in order to help reduce oxides in the powders, 
and to increase the hardenability of the final alloy. 
The above powders are blended and milled together in 

an argon atmosphere to obtain a uniform, intimate mix 
ture free from external contamination. After milling, the 
powder mixture is pressed at room temperature into a 
4%” diameter by 14” long cylindrical shape in a die, us 
ing a pressure of 20 tons per square inch. A steel tu‘be 
with a 0.060” wall thickness is used in this case inside the 
die to hold the powder in an integral form after pressing. 
At 20 tons per square inch, the powder presses to a 
density of 75% of theoretical. 

Induction heating in an argon gas atmosphere is used 
to bring the pressed billet form in its steel can to a tern 
perature of 2300° F. The billet, supported on a 11/2” 
thick by 5” diameter cast alumina base, is held at 2300° 
F. for one hour to obtain a desired level of solid solution 
between the alloying elements prior to consolidation, and 
to permit reduction of residual oxides by the carbon. 
When the preheat cycle is complete, the billet typified by 
the shape 12, although not tubular is immediately raised 
out of the can and transferred into a 5" I.D. cylindrical 
transfer container 11 of Inconel maintained at about 
2000° F. Preheated 100 mesh alumina grain from the 
container or heating zone at a temperature of about 2000° 
F. is poured rapidly into the annulus between the con 
tainer and the billet. In less than 10 seconds, the hot 
alumina is packed to a total height of approximately 17" 
in the container, with a packed density about 50% of 
theoretical. 
At this point, the consolidation die 14, containing an 

expendabble 0.040” thick split steel liner backed up by a 
graphite-greased paper liner, is positioned outside the 
press to receive the hot charge. The transfer container is 
moved over the consolidation die, and the billet 12 and 
alumina grain G are lowered rapidly into the lined die. 
The die then is moved directly into the press under the 
punch 13, where a pressure of 700 tons consolidates the 
-billet to a 4%” diameter by lOl/2" long cylinder and to 
full density, and the alumina grain to 80~90% of theo 
retical density. Pressure is held for a period of 15 seconds 
to obtain maximum compaction and high diffusion bond 
strength. 
The pressure then is released, the die moved out of the 

press, and the compacted billet and ceramic ejected with 
the die liner. Impacting the liner breaks up the alumina 
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and frees the billet from the liner so that it can be proc 
essed through heat treatment and following Working steps 
to final product form and desired properties. 

EXAMPLE 2 

A 2'1/2" pipe cap (or other similar pipe fitting) of ti 
tanium alloy can be made by the loose lgrain consolida 
tion method, using a 700 ton press and a prealloyed pow 
der. A typical alloy is Ti-6Al-4V, which provides high 
strength, high corrosion resistance, and low weight for 
aircraft applications. ` 
The above alloy is obtained as a high purity powder 

in a minus 100 mesh particle size, and is pressed directly 
at 20 tons per square inch to a preliminary pipe cap form 
and a density of about 65% of theoretical. To obtain a 
controlled repetitive pressing of the pipe cap’s I.D. and 
O.D. configuration, the powder is packed to a standard 
density of about 45% of theoretical in a urethane mold, 
which then is sealed and isostatically pressed. For maxi 
mum protection against oxidation, the powder may be 
loaded and packed in the mold under an argon or ni 
trogen atmosphere. As pressed, the cap cross-section is 
approximately that of the ñnished part, but the length 
is about 1% times the desired lfinal length. 

The pressed part is heated by induction in a pure argon 
atmosphere to a temperature of 1800° F. (below the alpha 
transformation temperature). When it has reached a uni 
form temperature, it is transferred rapidly with 1800° F. 
tongs 21 to a 5" I.D. cylindrical transfer container 11 of 
Inconel maintained at 1800° F. Immediately prior to this 
move, the bottom of the transfer container is loaded with 
a 1" layer L of 1800° F. preheated 325 mesh alumina 
grain packed to a firm density of about 50% of theoreti 
cal. The pressed part is laid open end up on this alumina 
bed, and additional 1800° F. preheated alumina grain is 
poured rapidly ofver the part and packed firmly to a height 
l” over the top of the part. 
At this point, the consolidation die, containing an ex 

pendable 0.020" thick split steel liner backed up ‘by a 
graphited paper liner, is positioned in the press to receive 
the hot charge. The transfer container 11 moves over 
the consolidation die, and the press punch 13 immediately 
moves down through the container to transfer the ceramic 
and contained part to the lined die cavity, and to apply 
a pressure of 700 tons in the die. At this pressure, the 
pipe cap consolidates to full density and ñnal form, and 
the alumina grain compacts to 75-85% of theoretical 
density. Pressure is held for a period of 15 seconds. 
The pressure then is released, the die moved out of the 

press, and the compacted billet and ceramic ejected with 
the die liner. impacting the liner breaks up the alumina 
around the O.D. of the pipe cap and frees it from the 
expendable liner. Sandblasting removes the remaining 
alumina grain from the LD. and O.D. of the pipe cap, 
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and leaves it ready for following heat treatment, sizing, 
and final machining. 

I claim: 
1. The method of consolidating a metallic or ceramic 

body that includes: 
(a) heating said body in lower density form to a tem 
perature suñîciently high for consolidation in step 
(f) by compaction -under high pressure, 

(b) transferring said heated body into a container, 
(c) flilling granular refractory material into the con 

tainer to contact and embed said heated body there 
1n, 

(d) aligning the container with a die cavity, 
(e) displacing the refractory material together with the 
heated and embedded body into said cavity in contact 
with its wall, and 

(f) compacting said refractory material and the em 
bedded body under high pressure and thereby con 
solidating the body to higher commercial product 
density. 

2. The method of claim 1 in which said refractory ma 
terial is passed through a heating zone wherein the ma 
terial is preheated to a temperature sufficiently high to 
vaporize contaminating moisture. 

3. The method of claim 2 in which said material is 
preheated to substantially the temperature at which said 
body is consolidated. 

4. The method of «claim 2 in which the container is 
preheated to elevated temperature. 

5. The method of claim 1 in which the container is 
positioned at a loading station for reception of said body 
and granular material and is then shifted to its position of 
alinement with the die cavity. 

6. The method of claim 5 in which a layer of said 
granular material is preliminarily introduced into the 
bottom of the container at the loading station. 

7. The method of claim 5 in which said granular ma 
terial is passed through a preheating zone before introduc 
tion to the container, the container also is preheated, and 
the container contents are displaced at the shifted posi 
tion of the container by vertically reciprocating punch 
down into the die cavity underlying the container. 
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