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ABSTRACT OF THE DISCLOSUIRE 
An apparatus and method for compressing particulate 

material using at least one die in a mold wherein at least 
one actuator is employed for forcing the die toward and 
away from the mold and at least one servo valve is en 
ployed for controlling the actuator so as to apply to the 
die both static and dynamic forces. 

BACKGROUND OF THE INVENTION 

Heretofore there have been two primary approaches for 
improving procedures for the preparation of unitary 
articles from a plurality of particles. One approach has 
been through the chemistry and/or mineralogy of the 
particles while the other approach has been through ill 
creased densification of the unitary article. 

In the densification approach, larger and larger Static 
forces have been used to achieve a greater density of 
packing of the particles in the final article through sheer 
brute force. 
Compaction progresses from an initial particle accom 

modation stage through an elastic and/or plastic de 
formation of the particles stage to a final stage where 
further compaction is achieved only by fracturing the 
particles. Even with extremely large static forces, the 
individual particles strongly resist plastic and/or fracture 
compaction so that there is a limit on the density of pack 
ing of particles by static force alone. 

Although static forces are very useful in compacting 
particles, the use of massive force alone to push the par 
ticles into a position of closest approach with one an 
other and therefore greatest densification is not the best 
approach. 

SUMMARY OF THE INVENTION 

According to this invention greater densification is 
achieved with lower static compaction forces by re 
structuring the particle mass into a position of closest 
approach for the particles by Superimposing on the static 
force of compaction a cyclical force of compaction. In 
this manner high densities in the final unitary product are 
obtained without the necessity of very large static forces. 
This results in a great savings in the size of the compaction 
apparatus employed and therefore in the cost of building, 
operating, and maintaining Such apparatus. 

Accordingly, this invention relates to apparatus for 
compressing particulate material in a mold cavity with 
at least one die using at least one actuator means for 
forcing at least one die toward and away from the cavity 
and at least one servo valve means operably connected 
to each actuator to cause the actuator to apply to the 
die both a static force toward the cavity and a cyclical 
(reciprocating, dynamic) force toward and away from 
the cavity. 
Also according to this invention there is provided a 

method for compacting particulate material by imposing 
at least one static compressive force on Said material and 
superimposing on said static force at least one additional 
force which is cyclically applied with and against Said 
static force in the range of from about 0.2 to about 7000 
cycles per second. 
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This invention is useful in the preparation of any 

unitary body from any solid or solid-like particulate ma 
terial. For example, this invention is useful in the prepa 
ration of refractory shapes such as bricks from any known 
refractory material. This invention is also applicable to 
the formation of metallic parts from metal or metallic 
particles by general principles well known in the field of 
powder metallurgy. 

Accordingly, it is an object of this invention to provide 
new and improved compaction apparatus. It is another 
object to provide a new and improved compaction method. 
It is another object to provide a new and improved method 
and apparatus for increasing the attainable density of a 
product formed from particulate material without also re 
quiring increased high static compaction forces. It is 
another object to provide a new and improved method 
and apparatus for restructuring a mass of particles into 
positions of closest approach for the particles in relation 
to each other while compacting the composite of particles 
into a unitary product. 
Other aspects, objects, and advantages of the invention 

will be apparent to those skilled in the art from the dis 
closure and the appended claims. 

DETAILED DESCRIPTION OF THE INVENTION 

The drawing shows a system employing one embodi 
ment of this invention. 
More specifically, the drawing shows a base 1 fixedly 

holding upright, spaced-apart support members 2. Mem 
bers 2 carry horizontal support member 3 which in turn 
carries an upper hydraulic cylinder 4. Upper piston 5 of 
cylinder 4 is connected to upper crosshead 6 which is 
slidable on Supports 2. 

Base 1 carries a lower hydraulic cylinder 7 which 
contains lower piston 8. Piston 8 Supports lower cross 
head 9 which is also slidably carried on supports 2. 
Mold 10 is supported by mold crosshead 11 which can 

also be slidably carried on supports 2. 
Thus, crossheads 6 and 9 are vertically movable by 

means of the pistons 5 and 8 attached thereto while cross 
head 11 can be vertically movable but by manual or other 
means not shown. 
Mold 10 has a vertical passage therethrough which de 

fines mold cavity 12. 
Crosshead 9 has a lower die 13 attached thereto. 
Crosshead 6 has an actuator means 14 attached thereto 

which actuator carries upper die 15. 
Attached to actuator 14 are servo valve means i6 

and 17. 
As shown in the drawing, dies 13 and 15 are aligned 

with mold cavity 12 so that the dies can be moved into 
and out from that cavity by operation of pistons 5 and 8. 

Actuator 14 comprises a body 20 having a first, lower 
piston chamber 21 therein which opens directly into an 
upper, second piston chamber 22 which is of Smaller, 
cross-sectional area taken in a horizontal plane than the 
cross-sectional area of first chamber 21. Body 20 has an 
opening 23 in the lowest side thereof adjacent mold 10 
which is of a horizontal cross-sectional area less than 
the horizontal cross-sectional area of first chamber 21. 

Opening 23 allows a lower, first piston 25 to pass there 
through in a dynamically sealing engagement. Piston 25 
extends into the interior of chamber 21 and extends down 
wardly outside of body 20 to carry die 15 fixedly attached 
thereto. 

Piston 25 carries an annular flange 26 on a portion 
thereof (a top portion thereof being shown in the draw 
ing) in the interior of chamber 21. Flange 26 extends out 
to the interior walls 27 for dynamic sealing therewith 
thereby dividing chamber 21 into upper and lower sub 
chambers 28 and 29, respectively. 
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First piston 25 carries second piston 30 which mates 
with second chamber 22 in a dynamically sealing rela 
tion. 

Conduit 31 in body 20 openly connects sub-chamber 
28 with servo valve 16 while conduits 32 and 33 in body 
20 openly connect second chamber 22 and lower cham 
ber 29, respectively, with servo valve 17. 

Servo valves 16 and 17 can be any convention, high 
response servo valve which can be electrically actuated 
and which hydraulically operates by way of conduits 31 
through 33 the pistons in the actuator. Such servo valves 
are commercially available and are well known in the art. 
For example, two applicable servo valves are fully and 
completely disclosed in Fluid Power International, volume 
29, No. 334, January 1964, pages 6-9, the disclosure of 
which is incorporated herein by reference. A particularly 
suitable servo valve is a conventional valve which em 
ploys an electromagnetic (electrodynamic) driver for re 
ceiving the electrical signal and which also uses a pilot 
stage containing a pilot spool and a power stage contain 
ing a power spool. In such a device an electric signal to 
the electrodynamic driver moves the vertically aligned 
pilot spool to allow oil under pressure to one of the two 
ends of the power spool thereby shifting the power spool 
and allowing oil under pressure to leave the power stage 
and enter one of the chambers 22, 28, and 29 of actuator 
14 and apply a force to one of pistons 30 or 25 in a direc 
tion either toward or away from mold cavity 12. The elec 
tric signals to the servo valve can be varied and reversed 
to cause the pilot and power spools to oscillate back and 
forth thereby causing pressurized oil to be admitted to the 
actuator in a cyclic fashion to cause reciprocation of 
piston 25 and, therefore, reciprocation of die 15. 

In operation, crosshead 9 is raised by piston 8 until 
die 13 extends partially into cavity 12. A group of par 
ticles are charged into cavity 12 and come to rest on 
die 13. 

Crosshead 6 is then lowered by piston 5 until die 15 
extends into the interior of cavity 12 just contacting the 
upper level of the particle composite resting in the cavity. 
An electric signal such as from a conventional oscil 

lator is applied to servo valve 16 by way of electrical 
conductor 35 which causes oil or other non-compressible 
liquid to pass from a pressurized source represented by 
arrow 36 through conduit 31 into upper chamber 28 
thereby forcing piston 25 downwardly against the particle 
composite in the cavity and thereby applying a static force 
to that composite. Liquid is removed from the actuator 
and servo valve to its source by way of a line represented 
by arrow 36' when the process is completed. 
An electrical signal is also supplied to servo valve 17 

by way of electrical conductor 37 to admit pressurized 
liquid from its source, represented by arrow 38, through 
servo valve 17 and conduit 32 into chamber 22. This 
superimposes an additional force on piston 30 which is 
transmitted through piston 25 to die 15 and finally to the 
particle composite in cavity 12. By reversal of the sig 
nal in conductor 37, the flow of pressurized liquid through 
servo valve 17 is switched from conduit 32 to conduit 
33 thereby employing through chamber 29 an upward 
force on piston 25 and causing a reduction in the down 
ward force on piston 25 and die 15 thereby partially re 
lieving the compacting pressure on the particle composite 
in cavity 12. By rapidly reversing the electric signals in 
conduit 37 the pressurized liquid and the low pressure 
return line, represented by arrow 38', are cyclically 
switched from chamber 22 to chamber 29 and back there 
by causing a reciprocating or dynamic force to be applied 
through piston 25 and die 15 onto the particle composite 
in cavity 12. This reciprocating force is superimposed on 
the static force that is maintained by servo valve 16. 
The static pressure applied to the particle composite 

can be any pressure up to 40,000, preferably about 7,000, 
pounds per square inch of die surface in contact with the 
particle composite. The reciprocating force controlled by 
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4. 
servo valve 17 can apply any additional pressure acting 
towards or away from cavity 12 up to 2,000, preferably 
1,000, pounds per square inch of die area in contact with 
the particle composite. The cycling of the reciprocating 
force can vary from about 0.2 to about 7,000 cycles per 
second. 
The static and cycling forces can be applied to the 

particle composite in any sequence. For example, the 
static force can be applied to the composite first followed 
by the cycling force or the cycling force can be applied 
first followed by the static force, or both forces can be 
applied at substantially the same time. The common ele 
ment of this application of forces is that a static force 
With a superimposed cycling force are both applied to the 
particle composite over a finite period of time. The 
cycling force restructures the particles in the composite 
to positions of closest approach to adjacent particles and, 
therefore, acts as a mechanical lubricant, while the static 
force continually urges the particles together during the 
restructuring process. 
As a further example in the operation of the apparatus 

of the drawing, assume a static force equivalent to 7,000 
p.s. i. is applied through servo valve 16 on the particle 
composite in cavity 12. Thereafter, a cycling force equiv 
alent to 1,000 p.s. i. is employed through servo valve 17. 
When the cycling force is applied through conduit 32 in 
chamber 22 it provides an additional 1,000 p.s. i. pressure 
to the 7,000 p.s. i. static pressure thereby providing a com 
posite downward force equivalent to 8,000 p.s. i. When 
the cycling force is switched from conduit 32 to conduit 
33, this force acts upwardly on flange 26 thereby re 
ducing the total force acting downwardly to a magnitude 
equivalent to 6,000 p.s. i. Thus, in this example, at least 
6,000 p.s. i. is always applied to the particle composite 
while a cycling force is imposed on this static force there 
by raising the force equivalent acting on the composite 
from the static 6,000 p.s. i. up to 8,000 p.s. i. and back 
down to 6,000 p.s.i. 

This procedure gives a final, compacted, unitary ar 
ticle of very great density without requiring the use of 
very high static forces. Densities of refractory articles 
such as refractory bricks can be achieved by this ap 
paratus and process which are greater than that which can 
be achieved with only static forces and presently existing 
apparatus for applying such static forces. Existing ap 
paratus such as conventional brick presses can be modi 
fied in a manner similar to that shown in the drawing to 
practice this invention. 

It should be understood that the hydraulic cylinders 
4 and 7 serve the function of positioning and that this 
function could be accomplished by other means, also 
that more than one actuator can be employed in a single 
press and that one or more servo valves (depending 
On the nature of the valve) can be employed with each 
actuator. For example, an actuator with one or more 
Servo valves can be interposed between crosshead 9 
and die 13 in the same manner shown for crosshead 
6 and die 15 in the drawing. In this manner both dies 
13 and 15 will carry the static force with the superim 
posed cyclic force. In the operation of this apparatus 
the cyclic forces can be applied to dies 15 and 13 in 
phase or up to 180° out of phase as desired by merely 
controlling the electrical signals to the various servo 
valves. Similarly, more than one actuator can be em 
ployed between a given die and its supporting crosshead. 

It should also be noted that the static force and/or 
the dynamic force or forces imposed on a given die 
can be varied during the compaction process. For exam 
ple, light static loads can be applied at the initial com 
paction stage which, as noted above, is mostly taken 
up by accommodation of the particles in relation to ad 
jacent particles. The static load can then be increased 
at the final stage of compaction where particle fractur 
ing is necessary for further densification. Similarly, while 
varying the static force from one stage in the compaction 
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procedure to the next, the cyclic force and/or its frequency 
can be varied from one stage of the compaction pro 
cedure to the next. For example, the frequency of the 
compaction force in the initial stage of accommodation 
and secondary stage of elastic and/or plastic deforma 
tion of the particles can be low, e.g., 100 cycles per 
second, and then increased to, for example, 2,000 cycles 
per second during the final stage when compaction is 
achieved primarily by fracturing of the particles under 
the increased static force. Other variations and combina 
tions of the static and cycling forces as well as other 
process parameters such as frequency are obvious to 
those skilled in the art and therefore will not be dis 
cussed in detail. 

In the process of this invention a particulate ma 
terial is compacted in a molding Zone with at least one 
die, at least one of the dies having imposed thereon a 
static compressive force which is transmitted to the par 
ticulate material and a superimposed additional force 
which is cyclically applied in the range from about 0.2 
to about 7,000 cycles per second. The static force is 
a finite force up to about 40,000 pounds per square 
inch of die area while the cyclic force is a finite force 
up to about 2,000 pounds per square inch of die area, 
both die areas being as defined above. 
The process of this invention is applicable to any 

particulate material such as fireclay, alumina, mullite, 
corundum, magnesite, chrome ore, silica, Zircon, Zir 
conia, carbon, kaolin, and the like; Subdivided metals 
normally used in powder metallurgy processes such as 
aluminum, beryllium and its alloys, copper, brass, bronze, 
iron, lead, magnesium, titanium, zinc, Zirconium and 
its alloys, and the like. This invention is applicable to 
other subdivided materials such as ground glass, com 
minuted plastic, woodchips, carbon black, rubber par 
ticles, shreaded paper, and the like. Mixtures of two 
or more of the above materials can be employed if de 
sired. 

EXAMPLE 
In the apparatus of the drawing, magnesite brick mix 

consisting of a gradation of sizes ranging from 100 
Fercent through 4 mesh to 25 percent through 325 mesh 
screen (Tyler) is charged into cavity 12 and die 15 
moved downwardly just into contact with the upper 
surface of the magnesite particles in the cavity. A hy 
draulic pressure of 700 p.s. i. is applied through con 
duit 31 in chamber 28 which produces a static force 
of 125,000 pounds at die 15. Die 15 has an area in 
contact with the magnesite particles of 20 Square inches 
and therefore a static force of 6,250 pounds per Square 
inch is applied to the magnesite particles. 

Hydraulic pressure of 3,000 pounds per square inch 
is cyclically applied through conduits 32 and 33 thereby 
resulting in a cyclic force of + or -15,000 pounds (750 
p.s. i.) at die 15. The cyclic force is applied at a fre 
quency of 2,000 cycles per second using a hydraulic flow 
through servo valve 17 of about 3 gallons per minute. 

After about 3 seconds the static and cyclic forces are 
terminated, die 15 removed from cavity 12 and die 13 
raised further by piston 8 to raise the compacted mag 
nesite brick from the interior of cavity 12 to the upper 
surface of mold 10 for removal from the apparatus. 
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Reasonable variations and modifications are possible 

within the scope of this disclosure without departing from 
the spirit and scope of this invention. 
The embodiments of the invention in which an ex 

clusive property or privilege is claimed are defined as 
follows: 

1. In apparatus for compressing particulate material in 
a molding cavity having an upper die and a lower die 
which enter the cavity opposing one another, thereby de 
fining upper and lower cavity surfaces, the improvement 
comprising: 

at least one actuator means operably connected to at 
least one die for forcing said die toward and away 
from said cavity, 

each actuator means having operatively connected 
thereto two servo valve means, to cause said actu 
ator means to apply to a die both a static force 
toward said cavity and a reciprocatnig force toward 
and away from said cavity, and 

means for controlling said servo valve means. 
2. The apparatus according to claim 1 wherein said 

actuator means comprises a body having a first piston 
chamber therein and a second piston chamber opening 
directly into said first chamber, said body having an 
opening into said first chamber to allow a piston to pass 
through said opening into said first chamber, said open 
ing being a smaller cross-sectional area than said first 
chamber, a first piston means extending through said 
opening into said first chamber, said first piston being 
of substantially the same cross-sectional area as said 
opening and having an annular flange on a portion there 
of in the interior of said first chamber, said flange ex 
tending out to the interior walls of said first chamber 
thereby dividing said first chamber into two sub-cham 
bers, second piston means carried by said first piston 
means and extending into said second chamber, conduit 
means in said body openly communicating with said 
second chamber and each of said sub-chambers in said 
first chambers, said conduit means being openly con 
nected to said servo valve means. 

3. The apparatus according to claim 2 wherein said 
servo valve means is an electrically actuated means which 
hydraulically operates said actuator means. 
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