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[571 ABSTRACT 
An apparatus is described for producing a lightweight 
structural material (12), by forming gas-filled shells (38) 
of molten material from a matrix of nozzles (22) that 
form shells of very uniform size at very uniform rates. 
The matrix of molten shells coalesce into a multi-cell 
material of controlled cellular structure. The shells can 
be of two different sizes (38,44) that are interspersed, to 
form a multicell material that has a regular cell pattern 
but which avoids planes of weakness and localized 
voids. The gas (50) in the shells can be under a high 
pressure, and can be a fire extinguishing gas. 

7 Claims, 9 Drawing Figures 
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APPARATUS FOR FORMING A CONl7NUOUS 
LIGHTWEIGHT MULTICELL MATERIAL 

ORIGIN OF THE INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract and is sub- 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 85-568 
(72 Stat. 435; 42 USC 2457). 

BACKGROUND O F  THE INVENTION 
Foam materials are typically produced by incorporat- 

ing a foaming agent in a batch of plastic. If such multi- 
cellular material could be produced using any of a wide 
variety of molten materials including metals, and a wide 
variety and pressures of gases within the cells, a variety 
of lightweight materials could be obtained. The 
strength of the material and articles made from it can be 
enhanced, by closely controlling the relative placement 
and sizes of the cells to prevent voids that can constitute 
weakened regions of an article constructed from the 
material, and by avoiding fatigue-susceptible planes 
across which the material may be sheared after being 
subjected to fatigue loading. 

SUMMARY OF THE INVENTION 
In accordance with one embodiment of the present 

invention, an apparatus is provided for producing a 
lightweight and closely controlled multicellular mate- 
rial. The apparatus includes a shell forming apparatus 
which includes numerous nozzle assemblies that each 
form a gas-filled pipe that breaks into gas-filled shells of 
uniform size and at a uniform frequency, and a support 
that receives the shells to coalesce them into a continu- 
ous multicell material. The nozzle assemblies are ar- 
ranged in a matrix having a plurality of rows and col- 
umns of nozzle assemblies, so that the relative positions 
of the shells in the mass are controlled according to the 
relative positions of the nozzle assemblies in the matrix 
thereof. 

The nozzle assemblies can include nozzles of different 
sizes that are interspersed to produce interspersed cells 
of different sizes in the coalesced cell material, to cir- 
cumvent voids and to avoid fatigue-susceptible planes 
in the final material. Gas at a high pressure can be ini- 
tially applied to the pipe that breaks up into gas-filled 
shells, and the region immediately outside the nozzles 
can be maintained at a high pressure, so that when the 
multicell material solidifies, it contains gas at a high 
pressure. The high pressure can be useful in increasing 
the compressive strength of the multicell material. The 
high pressure gas can be a fire extinguishing gas such as 
carbon dioxide, to produce a material that has fire extin- 
guishing qualities. 

The novel features of the invention are set forth with 
particularity in the appended claims. The invention will 
be best understood from the following description when 
read in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION O F  THE DRAWINGS 
FIG. 1 is a partial sectional view of a multicell mate- 

rial producing apparatus constructed in accordance 
with one embodiment of the present invention. 

FIG. 2A is a sectional view of multicell material of 
the invention. 
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FIG. 2 is a sectional view of the region 2-2 of FIG. 
1. 

FIG. 3 is a partially sectional view of the area 3-3 of 
FIG. 1. 

FIG. 4 is a nonsectional bottom view taken on the 
line 4-4 of FIG. 1. 

FIG. 5 is a partially sectional view of a multicell 
producing apparatus constructed in accordance with 
another embodiment of the invention. 

FIG. 6 is a view taken on the line 6-6 of FIG. 5. 
FIG. 7 is a sectional view of the producing apparatus 

FIG. 8. is a sectional view taken on the line 8-8 of 

5 

10 

of FIG. 2. 

FIG. 7. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 illustrates a system 10 which can form a sheet 
12 of lightweight material. The system includes a shell 

2o forming apparatus 14 which receives liquid 16 stored in 
a container 18 and gas from a source 20. The apparatus 
includes a matrix 22 of nozzle assemblies that each gen- 
erate a stream of spaced bubbles, or gas filled shells, that 
fall onto a conveyor belt 24. The liquid 16 supplied to 

25 the shell forming apparatus 14 is at an elevated tempera- 
ture, and the shells emerging from the matrix of nozzle 
assemblies are initially in a molten state. A somewhat 
lower but still elevated temperature is maintained 

3o within a housing 26. As the molten shells fall upon the 
conveyor belt 24, the shells coalesce to form an increas- 
ing thickness of the sheet 12. The thickness of the sheet 
is reduced slightly by a die 28, and the emerging sheet 
12 cools into a multi-cell solid material. 

As shown in FIG. 2, each nozzle assembly such as 30 
of the matrix 22, includes a liquid outer nozzle 32 and a 
gas inner nozzle 34. As gas and liquid flow through 
their respective nozzles, a gas-filled pipe 36 is created, 
which breaks up into gas-filled shells 38. It has been 

4o found that when the velocity of gas at the tip of the 
inner nozzle 34 is about 3 times the velocity of liquid at 
the tip of the outer nozzle 32, that shells 38 are created 
at a rate which is very precisely constant, and with the 
shells having very uniform masses. Specifically, with 

45 the velocities of the gas and liquid held precisely stable, 
the rate of shell formation and the uniformity of the 
shell masses are held to within 0.1 percent. As men- 
tioned, this is achieved when the velocity of the gas is 
about 3 times that of the liquid, or in other words, be- 

50 tween about 1.5 and 6 times as great. The uniformity in 
the frequency of formation of shells and in their sizes, 
can result in the production of a multicell material of 
great uniformity, by enabling close control of the rela- 
tive positions of the shells. 

With the frequency of shell production and the size of 
each shell both being very uniform, it is possible to build 
up a multicell structure having a closely controlled 
arrangement. For example, FIG. 2A shows an arrange- 
ment of shells 38 that are all of the same size, and that 

60 are laid on one another in a staggered manner. When 
the molten shells engage one another, their adjacent 
surfaces fuse, so as to form a single solid structure. By 
such close control, it is possible to minimize the possibil- 
ity of the formation of voids in the multi-cell material, 

65 which can happen where there is random size and 
placement of shells. Of course, any voids of appreciable 
size result in weakened areas that limit the permissible 
load on an article formed of the multicell material. 
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Although the structure of FIG. 2A can prevent large vide an extrusion that can be forced into the sprue hole 
voids, care must be taken to minimize shear planes such of an injection mold to form multicell material into 
as 39 along which the multicell material may be likely to articles of a complex shape. 
break in a shearing manner by coaslesced shells break- Thus, the invention provides an apparatus for form- 
ing loose and sliding across one another. Such breaking 5 ing multicellular material in a well controlled manner. 
loose is most likely to occur in fatigue loading wherein The apparatus can include a group of nozzle assemblies 
minute cracks or separations occur. The weakness of that form gas filled shells that can be received by a 
such shear planes can be minimized by the use of shells means that coalesces them into a continuous multicell 
of different sizes that are interspersed in a controlled material. The nozzle assemblies are arranged in a matrix 
manner. In the nozzle matrix 22 as shown in FIG. 2, 10 having numerous rows and columns, to control the 
alternate nozzle assemblies such as 30 and 40 are of the relative positions of the shells in the coalescing mass. 
same size, while each nozzle assembly such as 42 be- Nozzle assemblies can be used with concentric nozzles 
tween them is of somewhat smaller size. This results in wherein the gas flows about three times as fast as the 
somewhat smaller diameter shells 44 at alternate posi- liquid, to produce a highly uniform rate of shell forma- 
tions. This can produce a multi-cell structure such as 15 tion and size of shell from the matrix of nozzle assem- 
shown at 43 in FIG. 3, wherein alternate shells 44 are of blies. The gas pressure can be a plurality of times 
a smaller size than other shells 38, to produce greater greater than ambient pressure (14.7 psi) to produce a 
distortions of some shells as they coaslesce to minimize multicell material that resists compression forces. The 
weaknesses along shear planes. high pressure gas can be of a fire extinguishing gaseous 

The pressure and type of gas in each of the shells of 20 material such as carbon dioxide, to make the otherwise 
the multicell material, can be chosen to provide addi- easily burned material more fire resistant. The nozzle 
tional favorable qualities to the material. In one applica- assemblies can include those which generate shells of 
tions, the walls of the shells 38,44, are formed of alumi- different sizes that are interspersed, to produce a co- 
num or magnesium, to achieve high strength with light alesced mass of shells with cells of different sizes inter- 
weight. However, both of these materials may consti- 25 spersed in a controlled manner. 
tute a fire danger when present in the form of small Although particular embodiments of the invention 
particles or cells of a structure, rather than as a solid have been described and illustrated herein, it is recog- 
non-cellular mass. To prevent such fire danger, the gas nized that modifications and variations may readily 
50 is a fire extinguishing gas such as carbon dioxide. In occur to those skilled in the art and consequently, it is 
order to provide a considerable amount of fire extin- 30 intended that the claims be interpreted to cover such 
guishing gas, the gas is initially applied at a high pres- modifications and equivalents. 
sure. For example, where each of the shells such as 38 
has a diameter of about 0.1 mm to 1.0 mm, a pressure 
such as 2,000 psi may be utilized. Such pressure can be 
contained within such small shells. During the forma- 35 
tion of the shells, and while they are still molten within 
the chamber 26 (FIG. l), the pressure within the cham- 
ber 26 is maintained at the same pressure as the gas in 
the shells by a pressure source 52, which may be a pump 
that pumps ambient air into the chamber. If the material 40 
12 is later present in a fire, then the rupturing of the cells 
by the applied heat will release the pressured carbon 
dioxide which will help to extinguish the fire, or at least 
minimize the spread thereof. The high pressure of the 
pas 50 within the shells also increases the resistance of 45 

What is claimed is: 
1. An apparatus for producing a continuous light- 

(a) means to form a plurality of hollow gas-filled 
spherical shells, said means having a plurality of 
nozzle assemblies, each of said assemblies compris- 
ing an outer nozzle for flowing largely vertically 
downwardly, an annular stream of liquid to be 
formed into shells, and an inner nozzle for flowing 
a gas stream within said annular liquid stream to 
form and fill said hollow spherical shells; 

(b) means to supply a heated molten shell-forming 
liquid to the outer/nozzles to form said annular 
streams and to supply gas streams through the 

weight multicell material, comprising: 

;he material 12 to compression forces, to thereby 
strenghten any article formed of the material. 

FIG. 5 illustrates another technique for forming a 
mass of gas-filled shells into specific shapes that are 
useful. In one example, the lightweight multicell mate- 
rial can be used in outer space to form structures that 
require only moderate load-carrying capacity. The sys- 
tem 60 of FIG. 5 includes an I-beam mold or die 62 used 
to extrude the molten material into an I-beam cross 
section. The system includes a matrix 64 of nozzle as- 
semblies similar to those of FIG. 2, which produce large 
numbers of gas-filled shells. The shells move along 
paths or lines that are in a matrix formation, through a 
space 65 and against a mass 66 of such shells. The mass 
of shells lie on a shell-receiving support 68 towards 
which the nozzle assemblies face. Gas under a high 
pressure such as 1,000 psi is applied to the innermost 
nozzle of each nozzle assembly, and the same pressure is 
maintained in the space 65 by a pressure source 70. The 
high pressure in the space 65 is utilized to force the 
molten coalescing shells through the die 62 to form a 
continuous I-beam extrusion 72. In a similar manner, a 
round die can be utilized in place of the die 62, to pro- 

inner nozzles to form said liquid streams into a 
plurality of gas-filled shells, which harden upon 
cooling; 

(c) receiving means positioned substantially vertically 
below said nozzle assemblies, to collect said gas- 
filled shells while said shells are at least partially 
molten, to permit the coalescence of said shells into 
a continuously formed multicelled material there- 
upon, and wherein, 

said plurality of nozzle assemblies are arranged in a 
matrix pattern of largely horizontal rows and col- 
umns, and being positioned a distance above said 
receiving means to direct and to maintain the rela- 
tive positions of said formed shells upon said re- 
ceiving means in substantially the same relative 
positions said shells assumed upon being formed 
below said matrix pattern of nozzle assemblies. 

2. The apparatus of claim 1 wherein said nozzle as- 
semblies include a first group of nozzle assemblies hav- 

65 ing outer liquid flow nozzles with a first inside diameter 
for producing larger shells, and at least a second group 
of nozzle assemblies having outer liquid flow nozzles 
with a second inside diameter less than said first diame- 
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ter for producing smaller shells, the nozzle assemblies of 
said second group being interspersed with those of said 
first group, whereby to enable forming of a multicell 
material that has a regular cell pattern but that can 
minimize fatigue-susceptible planes and voids. 

3. The apparatus of claim 1 wherein said means to 
supply said gas streams provides said gas at a pressure 
several times greater than atmospheric, and including 
means to maintain a gas between the ends of said noz- 
zles and said moving means at a pressure several times 10 
greater than atmospheric for producing pressurized 
gas-filled spheres within said multicelled material. 

4. The apparatus of claim 3 wherein: said means to 
supply said gas, provides a fire extinguishing gas at a 
pressure several times greater than atmospheric. 

5. The apparatus of claim 4 wherein said gas is carbon 
dioxide. shells, 

6. An apparatus for producing a continuous light- 
weight multicell material, comprising: 

(a) a plurality of nozzle assemblies arranged in a ma- 20 
trix pattern of largely horizontal rows and columns 
for forming a plurality of gas-filled annular streams 
of heated molten shell-forming hardenable liquid to 
direct said streams substantially vertically down- 
wardly along parallel paths to form said annular 25 
gas-filled liquid streams into hollow gas-filled 
shells positioned from each other in substantially 
the same matrix pattern as said nozzle assemblies, 
and 

@) means for receiving and coalescing said formed 30 
shells while partially molten, and while remaining 
relatively positioned from each other in substan- 
tially the same matrix as said nozzle assemblies, and 
means to permit cooling of said molten shells into a 

matrix of coalesced continuous lightweight mul- 
ticelled material. 

7. An apparatus for producing a continuous light- 

(a) a plurality of nozzle assemblies arranged in a 
largely horizontal matrix of rows and columns 
each nozzle assembly comprising an outer annular 
liquid flowing nozzle and an inner gas flowing 
nozzle, to form a matrix of gas-filled hollow 
spheres which harden when cooled, 

(b) means to flow a heated molten shell-forming liq- 
uid substantially vertically downwardly as annular 
parallel steams through said outer nozzles, 

(c) means to flow a gas stream through each of said 
inner nozzles within said annular molten liquid 
streams to form said liquid into gas filled hollow 

(d) moving means spaced below said matrix of nozzle 
assemblies to receive said formed shells while at 
least partially molten, to collect and to form said 
shells into a coalesced structure, and to limit the 
thickness of buildup of said shells upon said moving 
means, and 

(e) an enclosure surrounding said nozzle assemblies 
and said moving means to prevent air currents 
within the region of said nozzles and said moving 
means from disturbing the vertical parallel direc- 
tion of flow of said liquid/gas streams and said 
formed shells, and wherein said moving means is 
positioned from said nozzle assemblies a distance to 
receive said formed shells in substantially the same 
relative positions said shells assumed immediately 
upon leaving said nozzle assemblies. 

weight multicell material, comprising: 
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