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3,166,612
PROPELLANTS AND METHOD FOR
MAKING THEM

Charles W. Saver, Cambridge, Ekkehard L. Kreidl, Way-
land, Bessie A. Lepper, Cambridge, and Bruce S. Old,
Concord, Mass., assignors, by mesne assigaments, to the
United States of America as represented by the Secre-
tary of the Army

Original application Jupe 20, 1955, Ser. Neo. 516,374.
Divided and this application Jan. 21, 1963, Ser. No.

254,855
3 Claims. (Cl. 264—3)

This application is a divisional of an earlier applica-
tion (now abandoned) Serial No. 516,374 filed June 20,
1955.

This -invention relates to the manufacture of propel-
lants and more particularly to the manufacture and com-
position of multilayer propellants containing a core which
has burning characteristics different from the burning
characteristics of the surrounding layers. Although the
propellants of this invention are particularly suitable for
small arms ammunition, their application is not limited
to that use.

The use of modern weapons requires propellants the
ballistic properties of which must be capable of careful
and precise control. Conventional deterrents do not per-
mit such control in all cases. Furthermore, many deter-
rents are not capable of burning by themselves in the
absence of external oxygen. Their use normally results
in a composition gradient in the propellant which in itself
is not objectionable, but such composition gradients tend
to intermigrate, giving the propellant ballistic properties
which vary with time after their manufacture. In con-
trast to this, the propellants of this invention provide
grains having discrete layers with sharply defined bound-
aries, each layer of which is capable of burning as a
propellant, thus permitting greater control over the
burning characteristics by eliminating the variation in
composition gradients usually found in propellanis where
the components can intermigrate. Each layer of the
propellants of this invention burns over a substantial part
of the total burning time of the propellant, for example
at least 15 to 20 percent of such total burning time.

As an example of the type of performance obtainable
from the propellants of this invention, their applica-
tion to small arms may be mentioned. Propellants to be
used in small arms ammunition should possess burning
characteristics which give a rapid pressure rise to the
maximum allowable and then such maximum pressure for
a brief period of bullet travel. This is, as a rule, obtained
by having so-called progressively burning propellants, that
is propellants whose mass burning rate increases during
the burning time. Conventional small arms propellants
achieve progressively by means of the so-called deterrent
coating which slows down the burning process in its
very early stages, by propellant geometry, and by the
fact that the burning rate as a rule increases as the chamber
pressure in the gun rises. It has also been suggested that
improved interior ballistics as well as decreased barrel
erosion, due-to the action of the hot propellant gases,
might be obtained if the propellant composition during
the earlier parts of the burning process would have a lower
flame temperature and impetus than that in the last
phases, where the intrinsically hotter propellant gases will
be cooled rapidly by the expansion caused by the incipi-
ent bullet travel. This is apparently in part achieved
by some of the deterred nitroglycerin-containing ball pow-
ders, which have a relatively cool outer zone gradually
changing into a hot inner zone.

Although the propeliants prepared in accordance with
this invention are particularly suited to small arms use,
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they may be used in -such applications as rockets, can-
non powders, etc. The use of multiple layers in the
propellants of this invention permits varying burning
rates as well as flame temperatures from layer to layer.
Thus propeilants may be made, in accordance with this
invention, which may have layers exhibiting for example,
low flame temperatures and high burning rates, or high
flame temperatures and low burning rates, combina-
tions which have not been readily available in propel-
lants made heretofore. Of course, the layers may also
have high flame temperatures accompanied by high
burning rates of low flame temperatures accompanied
by low burning rates.

Once the principles of the present invention are under-
stood it becomes apparent that the proper utilization of
such propellants with two or more discrete layers per-
mits the design of a variety of propellants of improved
and unusual properties. Thus it becomes possible to pre-
pare propellants of any desired degree of progressivity
regardless of propellant geometry by choosing for the
successive discrete layers propellant compositions of dif-
ferent burning rates. Thus the outer layer, usually a
slower-burning increment, could be a nitrocellulose (11
percent nitrogen), the second layer a typical nitrocellu-
lose (13.2% nitrogen) composition, and the central layer
a nitrocellulose composition whose burning rate is in-
creased by the inclusion of a burning additive such as
potassium dinitroacetonitrile. In other cases it may be
desirable to design propellants capable of burning through-
out the bullet travel, that is throughout the barrel length
without giving rise to undesirable flash. In such a case
it may then be preferable to have the central discrete
layer, which would be controlled to start burning after
abouf one to three calibers bullet travel, consist of a
cool propellant such as a nitroguanidine composition.
In the case of a spherical or similar shaped propellant
it would be also feasible to have such a central discrete
layer consist of hydrazine nitrate or other water-soluble
substance, since it could be protected from the surround-
ing atmosphere by a water-resistant material. The pos-
sibility of barrel erosion may make it desirable to have
the outer discrete layer formed from a cool burning
propellant, such as nitrocellulose (11 percent nitrogen),
nitroguanidine compositions, etc. Propellants or high
energy materials of high flame temperature may then be
used to form one or more inside layers.

The present invention, as discussed in more detail be-
low, is, however, not limited to any particular arrange-
ment, but refers broadly to the concept of propellants
having a multiplicity of discrete layers, which layers may
provide distinctly different performance characteristics
during the successive stages of burning and may have dis-
tinctly different physical and chemical properties. This
invention also comprises a variety of methods and proc-
esses for preparing the propellants disclosed herein.

The use of spherical propellant grains formed from
nitrocellulose and nitroglycerin mixtures for small arms
ammunition is known in the art. Such spherical grain
propellants or ball powders are described, for example,
in U.S. Patents 2,027,114, 2,160,626, 2,213,255 and 2,-
375,175. Spherical or nearly spherical grains have the
advantage of being free flowing and of being capabie
of achieving good packing or loading densities. Some of
the propellants previously made in spherical shapes and
containing nitroglycerin have composition gradients which
tend to intermigrate over long periods of time.

It is an object of this invention to make a propellant
with controlled burning rates at various stages in its
burning. It is another object to produce a propellant
with controlied flame temperature at various stages in
its burning, for example, cool burning in the earlier stage
or cool burning during bullet travel beyond two or three
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calibers. It is a further object to make a propellant of
controlled “grain size, shape, composition and burning
characteristics. It is yet another object of this inven-
tion to make a propellant which is physically and bal-
listically stable over long periods of storage and free from
exudation or intermigration of the components. It is
another object to make a propellant with high loading
densities. It is also an object to manufacture propeliants
suitable for small arms ammunition in an easy and safe
manner. These and other objects will become apparent
in the following discussion.

In accordance with the present invention, the gemneral
method used is to surround one or more crystals, discrete
particles, small granules, cylinders rods or other con-
trolled geometrical shapes of a core material with one or
more discrete layers of material. The core is usually solid
or plastic but does not have to be. The materials used
for cores and outside layers do not each have to be of
different chemical composition, but may be the same ma-
terial in different physical forms or possessing different
burning characteristics. The multi-layer propellant grain
thus formed may be further coated with a suitable burn-
ing modifier, such as a deterrent, and may finally be
glazed as is done with conventional propellants. For the
sake of clarity, the grains will be referred to as being made
up of a core and outside layers.

The methods for preparing the propellants of this in-

vention can be conveniently classified into two groups:

coating cores (crystals, agglomerates and other geometric
shapes) by liquid immersion including shock gelation,
tumbling; efc., and by coating strands by multipie extru-
sion. Each of these methods may be carried out by sev-
eral different processes. For the sake of clarity in pres-
entation, each method with its various modifications will
be discussed in the order indicated, and in conmection
with the accompanying drawings, wherein FIGS. 1
through 3 represent typical grain shapes and configura-
tions -of the propellants of this invention, FIG. 4 repre-
sents a typical burning pattern, and FIGS. 5 through 10
are schematic representations of equipment suitable for
carrying out the various aspects of the processes described
herein.

Use of the liquid immersion method results in the for-
mation of rounded grains. Such rounded grains may be
made by one of three processes referred to hereinafter as
the slurry, lacquer and shock-gelation processes.

In the slurry process, the material which is to form the
outside layer is mixed into a liguid vehicle called the non-
solvent medium, which is a non-solvent for both the out-
side layer material and the core material. In most cases,
water is a satisfactory non-solvent medium. This liquid
mizture, if acidic, is brought to neutral with a suitable
neutralizer, such as calcium carbonate, and the mixture is
then stirred at room temperature or preferably at a some-
what elevated temperature.  After the first pericd of stir-
ring, the core material is added and the resulting mixture
is stirred again, A suitable stabilizer for the outside layer
material, such as diphenylamine or 2-nitrodiphenylamine
in the case of nitrate esters, is dissolved in the solvent to
be used to form a lacquer with the outside layer material
and the stabilizer-solvent mixture is added to the mixture
containing the outside layer material, core material, and
non-solvent medium. ~The resulting dispersion of the out-
side layer solvent lacquer in the non-solvent medium is
stirred vigorously and {hen if desired, it is permitted to
seitle into two layers. - A protective colloid, such as gum
arabic, may be added to the phase containing the non-
solvent medium. . After the dispersion has settled and
concentrated, it is stirred vigorously tec break up the
lacquer. “After vigorous stirring the mixture is stirred. at

a more moderate rate at an elevated temperature which

leads to the formation of the rounded grains. - Ia the
process of the grain formation, it is quite possible that
some of the non-solvent medium will becorne entrapped
in the coating formed on the grains. It is necessary to re-
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4
move this entrapped non-soivent medium and this may
be done by the addition of an agent similar in function to
that ‘of a dializing agent. Thus, in the case of water as
the non-solvent medium, sodium sulfate may be added to
remove the entrapped water.

Finally, the solvent used in forming the lacquer is re-
moved by heating the system. It has been found that it is
desirable to keep the temperature during this heating
period a little below the boiling point of the solvent until
some 80 percent of the solvent is removed. Then it is
feasible to raise the temperature above the boiling point
of the solvent. After cooling, the rounded propellant
grains are-filtered from the non-solvent medium, washed
and dried. The grains may be further coated or surface.
treated as desired. ] ‘

The second process used in the liquid immersion tech-
nigue is-called the lacquer method. In this process, the
outside layer material is first gelled with just sufficient
solvent to make a fairly stiff gel and after being mixed
well the core material is added and further mixing done.
The non solvent medium is added to the core containing
gel and the mixture, if acidic, is neutralized and further
stirred at an elevated temperature. An additional amount
of the sclvent containing the stabilizer for the outside layer
material is added to the foregoing mixture.. The result-
ing mixture is then stirred at an elevated temperature and
after stirring, the mixture is permitted to seitle into two
layers as in the slurry process.  As in the case of the
slurry process, the settling step may be omitted. This
lacquer process is then completed in the same manner as
the slurry process.

The size of the final grains can be controlied by the
size of the cores used, by the ratio of outside layer ma-
terial to core material, and/or by controlling the size of
the. globules of lacquer. The size of the globules of
lacquer may in turn be controlled by several factors. One
of these is-the rapidity of stirring the suspension contain-
ing the lacquer and the turbulence achieved, the more
rapid the stirring the smaller the globules. ' Another fac-
tor is the amount of protective colloid used, the more. the
colioid the finer the globules. The use of more solvent
for the outside layer material, ie., the use of thinner
lacquers decreases the size of the globules. Increasing
the temperature during the sphere formation step will also
decrease the size of the globules.

The third process applicable to the liquid immersion
method has been designated hercin as the shock-gelation
method. Shock-gelation in itself is not new. For exam-
pls, it has been applied to the manufacture Gf propellant
ball-type or rounded grains containing a single composi-
tion, According to0 our invention, discrete layer propel-
lants are made by gelling the outside Iayer material with
a‘liquid solvent, and the granules, crystals or discrete par- -
ticles forming the core material are uniformly dispersed
into the gel formed. By means of a suitable mechanical
device, the gel is dropped, forced or fed through an open-
ing to form globules. The size of the opening is ad-

_ justed to permit only one crystal or particie of core ma-
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terial coated  with the desired quantity of ocutside layer
material in the gel. It is also possibie to gel one drop
inside another simultaneously if the inside and outside
drop materials are of different compositions.

The globules containing cores or inner drops - are
dropped into a liquid ‘medium which is miscible with the
solvent- but. immiscible with the outside layer material
or core material. The distance through which the globules
are dropped deépends upon the viscosity of the solution
and such distance must be great encugh so that a spherical
or rounded-drop has formed when it hits the -surface
of the liquid medinm. If spherical propellant grains
are "desired "the drop distance may be so -adjusted to
prevent flaftening the sphere thus formed upon the impact
with the liquid surface. On the other hand, if flatiened
grains are desired, the drop distance may be so adjusted
as to produce them. As soon as. the droplet hits the
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liquid medium diffusion takes place so that a portion
of the solvent in the outside layer diffuses outward and
some of the liquid medium diffuses inward. By using
the proper conditions and the proper solvent, a layer
or membrane is formed on the surface through which
normal diffusion of the solvent and liquid medium takes
place to set up an equilibrium of solvent on the outside
and inside. Throughout this diffusion process the rounded
grain containing the core material remains approximately
the same size and shape as when it entered the liquid
medivm. (If flattened slightly, it may slowly recover
sphere shape in this stage.) The droplets at the end of
the diffusion process are saturated with the liquid medium
instead of the original solvent which had been used to
form the gel with the outside layer material. The rounded
grains are then filtered from the lquid medium and
dried. In drying, the outside layer shrinks evenly around
the core to form a hard continuous coating and a grain
with well defined layers.

The rounded grains formed by any of the three proces-
ses applicable to the liguid immersion method are illus-
trated in cross-section in ¥IG. 1 where an ideal spherical
grain is depicted. The number of layers surrounding
the core need not be limited to one, but may be one or
more discrete layers, each of which possesses distinct
burping characteristics. The rounded grains may be
finally coated with a deferrent such as dinitrotoluene or
dibutyl phthalate and then glazed with graphite or other
suitable glazing agent.

Progressivity, i.e., the increase in burning rate, is
achieved solely by burning through consecutive layers of
these grains. By arranging the layers and core so that
the burning rates increase as burning proceeds toward the
center, the burning can be adjusted to become highly pro-
gressive in spite of the inherent regressive geometry,
resulting in the type of propellant performance described
earlier as being desired for small arms propellant, for
example.

In addition to the three techniques (siurry, lacquer and
shock-gelation) herein classified as coming under the so-
called liquid immersion method for coating discrete cores
of geometric shapes, one other general technique is avail-
able for doing this. This technique embodies the coating
of geometric cores without the use of any large quantity of
liquid media. Thus, they may be fumbled in a sweetie
barrel, or in similar equipment, in the material which
is to form the outside layer, or the grains may be mixed
into a viscous solution of the outside layer material made
up with a solvent which is readily removable after the
desired degree of coating has been attained. Such cores
may easily be made by extruding strands with the desired
geometric cross-sections and cutting the strands to the
desired core lengths.  Aliernatively, the cores may be
made by pelleting or by other suitable forming methods.

The second general method for the preparation of the
discrete layer propellants has been designated herein as
the multiple extrusion method. While exirusion methods
for coating wire are known, the problem of preparing dis-
crete multiple layer propeliants is different and has neces-
gitated the development of modified extrusion methods
which form an important part of this invention. Conven-
tional extrusion coating deals, in general, with core mate-
rials of high intrinsic strength with littie plastic flow such
as metal wires which are usually coated with such plastic
materials as polyvinyl chiorides, rubber, or lead. In the
preparation of propellants by the extrusion method ac-
cording to this invention the materials used for forming
the several discrete layers, including the central core,
vary less in physical properties than in the more common
case where wire core is coated with plastic coating.

A number of fundamentally novel extrusion methods
capable of producing discrete multi-layer propellants,
according to this invention, are presented below. These
are illustrated schematically in FIGS. 5 through 10 each
of which shows a modified extrusion method.
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The first of such extrusion methods, shown in FIG. 5,
is based on the discovery that viscous or plastic materials
can be co-extruded by a batch process, using a single
extrusion piston, or ram, 2¢ in an extrusion cylinder 21
with an extrusion die 22 similar to conventional propellant
batch extrusion equipment. In this modification two or
more discrete layer materials, including the core ma-
terial, are preformed to form a blank assembly as in
FIG. 5 which shows the core blank 23 and outside layer
blank 24. These blanks are arranged according to the
desired sequence of layers, the relative thickness of these.
layers being so adjusted that the entire blank assembly
will fill the entire cavity of the cylinder of the extrusion
press. Thus, for example, if it is desired to make a two
layer propellant in an extrusion press of 3’ diameter and
to have a final propellant web of .030”, a blank assembly
will be prepared by first pressing, pelleting or otherwise
forming a cylindrical slug for a core and a hollow cylin-
drical slug of 3" O.D. which will fit rather loosely
around the solid core slug. This blank assembly is then
inserted into the extrusion cylinder and extruded in the
conventional manner. In order to overcome possible
difficulties arising from slight asymmetries in the assembly
blanks and from different rheological properties of the
later materials used, and at the same time to obtain well-
centered propellant grains of reliable relative layer thick-
nesses, it has been found preferable to preshape the blank
assembly. This means that the end to be inserted towards:
the die portion of the press is preshaped to fit into a
convergent portion of the cylinder adjacent to the die
as schematically shown in FIG. 5. The final web and
core thicknesses will be determined by the ratios of
the original preforms, as well as by the relative compres-
sion and deformation achieved in the nozzle of the
extruder. The thicknesses of the original preforms can
best be determined by experimentation since their rela-
tive rheological properties mean that the ratio of the
relative thicknesses desired in the final grain will not
be the same as the relative ratios of the original preforms.

While the angle of convergence of the conical part of

_the extrusion cylinder 21 as shown in FIG. 5 is im-

portant in obtaining discrete, multilayer propellants of
exact concentricity, it is not possible to provide any.
simple engineering design rules, since the properties of
the materials which may be used in preparing such grains
extend over a fairly broad range which cannot be readily
expressed in simple equation form. However, once the
above principles are understood it is only a matter of simple
trial and error experimentation to determine suitable con-
ditions for any given combination of materials. Gen-
erally speaking, it will be preferable to have a fairly
acute angle between the extrusion cylinder axis and the
tapering wall section. In a similar manner it may be
preferable also to shape the end of thé extrusion piston
(ram) facing the material to be extruded to conform
generally to the tapering section, forming a less acute
angle or even being rounded in its axial portion.

FIG. 6 illustrates a modification wherein the piston in
extrusion cylinder 32 is split into two separately acting
pistons 30 and 31, separated by dividing cylinder 36,
which enable them to exert different pressures on the
core material 33 and outside layer material 34. Thus, it
is possible at the point of die 35 to obtain equal extru-
sion velocities of materials of different rheological prop-
erties, or to impart different velocities to compensate for
vastly different rheological properties. The resulting ex-
truded strands need not necessarily be of circular cross-
section, but may be any desirable geometrical shape such
as rectangular, oval, triangular or symmetric or asym-
metric polygonal. It is also possible, and may be desir-
able, to have cross-sections of the various layers of dif-
ferent geometries to obtain unusual burning characteris-
tics. Thus, if one or more of the central layers has a
polygonal cross-section (triangle, rectangle, square etc.)
and the outer layer or layers have circular, oval or other-
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wise rounded cross-sections, geometric progressivity may
be obtained. ~ Such progressivity is achieved because the
edges of the cores will be unprotected or covered by a
less thick outside layer material which permits burning
to progress from the narrow edge in widening circles
cross-sectionally toward the center. Obviously, the same
effect can be obtained by surrounding a circular or other
rounded cross-sectional center with a polygonal outer
layer structure.

A second modification of multiple extrusion for form-
ing the propellants of this invention is based on the dis-
covery that by suitable adjustment. of extrusion speeds,
it is possible to co-extrude or coat-extrude discrete mui-
tiple layer propellants by either piston or screw extrusion
techniques without the use of assembly blanks as de-
scribed above. These methods of exirusion require min-
imizing the differential speeds between the propellant
materials as they emerge from the die.

FIGS. 7 and 8 show two possible schematic representa-
tions of such multiple extrusion devices. FIG. 7 illus-
trates a double ram -extruder with independent rams
while FIG. 8 shows the use of a preformed core and an
auxiliary ram extruder which extrudes a coating about
the preformed core. In either case, screw extruders may
be substituted for the ram extruders, thus permitting a
continuous process.
modifications it is necessary to achieve carcful conirol
of the co-operating extruders.

We have found that when materials suitable for the
propellants of this invention (that is materials sometimes
having little tensile strength) are extruded simultanecusly
from a horizontal cylinder 40 (FIG. 7) and a vertical
cylinder 41, the speeds at which the layers emerge from
the double die 42 should be as nearly as possible equal.
In order to achieve equal emergence speeds the relative
speeds of the horizontal piston 43 and vertical piston
44 must be carefully adjusted to allow for the difference
in compressibility and rheological characteristics of the
core material 45 and the outside layer material 46, Even
if the materials -have similar physical properties some
differential adjustment may be necessary to compensate
for the difference in degree of compr Tession obtainable
in the various dies used. While it is not possible to pre-
determine the differential adjustment by calculation, given
the properties of the materials and the design parameters,
once the principles of double extrusion are understood,
the adjustments can be made by simple experimentation.
Thus, short pre-runs may be made separately with each
extruder secticn and the driving force adjusted until the
desired velocity of the emerging propellant strand is cb-
tained. In the case of ram extruders, which are usually
pressure controlled, the -speeds of the sections can be
maintained by having a feedback from one section fo
the other to increase or decrease the ram pressures in
order to continuously adjust the speed regardless of pos-
sible fiuctuations in the materials flow.

In making the propellants of this invention it has bee'l
found that it is possible to extrude an outer layer around
a preformed core of one or more layers as shown in FIG.
8. In FIG. 8 the preformed core strand 59 is fed by

guide rollers 51 through an aperture 58 in the vertical:

portion 59 of the exirusion apparatus. The ram 52 in
the horizontal cylinder 53 exerts pressure -on the outside
layer material 54 to force it through the narrow restric-
tions %54a into the area 54b which surrounds the core
“strand 50. The coated strand is extruded through die
55 and as.it emerges is cut by blade 56 of a rotary cut-
ter into grain lengths 57.

As in the previously described double exfrusion
‘method, it is necessary to adjust the speeds at which
the coating material is extruded and at which the core
is moved to minimize or ‘elimindte any differentials in
these two speeds. This adjustment is preferably achieved
by adjusting the extrusion pressure and speed of the coat-
ing material in the nozzle so the extrusion of the coat-
ing readily carries along the core (of one or more ma-

In each of these double extrusion.
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terials). without pushing or pulling the core as is usually
done in conventional wire coating or large rocket grain
coating.

The third method of multiple extrusion takes advan-

tage of a known -modification ‘of the shock gelation-

method described above. - In this known method a gel is
forced through a plate with perforations or simple noz-
zles and-shock gelled in a bath as it emerges in the form
of a strand. After shock gelling (leaching) the strand

may be cut into grain lengths either before or after
drying.

It has been found that propellants according -to this
invention can be made by a scheme such as illustrated
in FIG. 9. With reference to FIG. 9, the central core
60 is fed through guide rollers 61 into a ¢ylinder 62 con-
taining the gel bath 63. By the time the core strand 69
passes the point of the die 64 it has been coated by the
gel bath. From die 64 the coated core strand is intro-
duced into the liquid medium 65 where the gel solvent
is leached out and replaced by the liquid medium to form
the strand of multi-layered propellant 66. The core
strand should preferably be pliable and straight for easy
feeding through the guide rollers and the rate at which
it is fed should be synchronized with the gel extrusion
speed (a function of its viscosity) to form an outer dis-
crete layer around the core strand. The speed at which
the strand is fed through, the viscosity of the gel bath
and the size of the die will all go to determining the
final web size of the grains. The strand may be cut be-
fore or after drying. It could be cut while in the liguid
medium, but the grains would probably have “pinched”
ends.

Another modification of the combined double-extrusion
shock gel method is illustrated in FIG. 10 in which pres-
surizing fluids. are introduced by way of inlets 70 and
71 into areas 72 and 73 above the gel baths 74 and 75
which are to form the outside layer and core, respec-
tively. The gel baths are contained in cylinders 76 (out-
side layer material) and 77 (core material).  Restric-
tions 78 and 79 in these cylinders 76 and 77, respectively,
determine the extent of gel bath fiow into die 80. The
resulting - concentric core and outside layer strands are
united into one propellant strand 82 which is conducted

into liquid medium 81 for leaching (shock gelation). -

As in the case of the other strands made by shock gela-
tion, the strand thus formed may be cut while in the
liquid medium; or after it is removed from the liquid
medium, before or after drying. - Also as in the case of
the other methods of double exfrusion, this method re-
quires a careful control of the rates at which the strands
are forced through and merge at the point of the die.
These rates are best determined experimentally for each
set' of materials used.

Still another modification of double extrusion consists

. of passing a solid core strand, formed to its final dimen-
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sion, through a liquid bath of coating material and out
through a properly sized nozzle-type outlet in order to
apply the desired coating of outside layer material. By
controlling the size of the nozzle type outlet and the vis-
cosity of the bath it is possible to extrude a multi-layered
propeliant of the desired final web thickness. The bath
is preferably a viscous solution of the outside layer ma-
terial, made up with a solvent readily vaporized so-that as
the coated core emerges, the solvent may be quickly re-
moved to give a tightly adhering outside layer around
the core. The evaporization of solvent from the outside
layer should ‘be rapid encugh to permit handling the re-
sulting propellant strands sc they may be dried and
further processed.

Some. of the types of grains which may be produced by
the processes described above are illustrated diagramati-
cally’in FIGS. 1 through 4. FIG. 1 illustrates the type of
cross-section to be expected from rounded grains made
by any of the liquid immersion techniques described.
Although the grain illustrated in FIG: 1 is an ideal sphere,
it need not be; for the same type of grain may be pro-
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duced in a flattened form. The three grains sketched in
FIG. 2 illustrate the more common types to be made by
any of the double extrusion methods or by one of the
combinations of -double extrusion and shock gelation.
The geometric cross-sections are, of course, not limited
to the square (FIG. 2(a)) or the circle (FIG. 2(b)).
FIG. 2(¢) shows the cross-section of a grain such as FIG.
2(b) which was pinched at the end in the cutting process
to give a “pillow” type grain.

In FIG. 3 are illustrated a number of possible combina-
tions of geometric cross-sections of cores and cutside lay-
ers. These grains represented by FIG. 3 (c through f)
show how it is possible for the core edges to be exposed
to the ignition flame or to be only slightly covered by the
outside layer material. Thus, in the case of the tri-
angular core in a circular grain, burning will proceed
essentially as illustrated in FIG. 4, permitting the core
to burn earlier in the process. This is to be compared
with the burning of grains shown in FIG. 2 (a) and (b)
which have ends which permit the direct exposure of the
core material to the initial flame ignition. This means
that burning of these grains will proceed downward
through the core as well as through the coating, thus
resulting in burning characteristics different from those
exhibited by the rounded grain shown in FIG. 1 or the
“pillow” grain shown in FIG. 2(c¢). In the grains il-
Justrated in FIG. 3 (¢ through f) the number of edges
which the core possesses will determine the degree of
progressivity achieved (assuming the core is of a more
rapidly burning material than the outside layer). For
example, in the case of the circumscribed prism (FIG.
3(d)) the three edges and the comparatively large amount
of outside layer present will show more progressivity
than in the case of the hexagonal core (FIG. 3(f))
where there are 6 edges for burning to begin with and
more core material to burn rapidly, thus approaching
a thinly coated core of the type shown in FIG. 1.

It will be seen from the above discussion and examples
that propellant grains can be made which may be con-
trolled as to point and duration of maximum energy
release. This is achieved by making a propeilant grain
. containing a core with one or more outside layers, the
core and each subsequent layer being insoluble in each
other, even after long periods of storage. Since the com-
ponents of the various layers do not migrate into other
layers or into the core, there are few or no composition
gradients. In one meodification of this invention it is
possible to use very high energy materials, as cores, for
small arms propellants and at the same time to control the
burning of these high impetus core materials. In ad-
dition, by employing the different techniques to make
the multiple layer propellants of this invention, it is pos-
sible to make grains showing differing degrees of progres-
sivity.

As has been pointed out, the propellants of this inven-
tion can be made up from a large number of materials
having widely varying chemical and physical properties.
Even materials which, because of unsatisfactory tensile
strength, hygroscopicity, etc., would be normally unsuited
to propeliants may be used for cores or inner layers pro-
vided suitable materials are chosen for outside layers.
Choosing propellant compositions therefore requires
selecting the components with regard to their compatibil-
ity as well as their individual performance such as burn-
ing rate, flame temperature, etc. Therefore, every core
material is not suitable for use with every outside layer
material.  Furthermore, a material included below as a
suitable core material may conceivably be used as a layer
material and some of those listed as suitable layer ma-
terials may be used as core materials, particularly if low-
temperature cores are desired.

The core material and outside layer materials should
not appreciably diffuse into each other even after long
storage. Suitable core materials include nitrocellulose
(containing from 11.1 to 14.4% nitrogen), explosives
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such as trinitrotoluene, cyclotrimethylenetrinitramine,
cyclotetramethylene-tetranitramine, pentaerythritol tetra-
nitrate, ethylenedinitramine, bis(frinitroethyl)nitramine,
bis(trinitroethyl)urea and mixtures of these with trinitro-
toluene. High explosives mixed with suitable binders
and mixtures of nitrocellulose with nitrate esters where
no appreciable migration would occur could also be used
as core materials.

The material used as the core for the propellants made
by the so-called liquid immersion methods should be pref-
erably in small discrete particles, i.e., material which can
be added in small granular form or in crystalline form.
If the core is an explosive in crystalline form it is prefer-
able that the crystals are as nearly cubical or spherical as
possible. The core material should not be appreciably
soluble in the liquid non-solvent medium used or in the
solvent for the outside layer material. In addition it is
preferable for military purposes that the core material
should be stable over the range of temperature required
in practice, i.e., from —60° F. to +165° F., and should
be relatively safe to handle and non-reactive with the cut-
side layer material.

For the double-extrusion techniques the core material
should be preferably one which can be extruded in a
molten or plastic stage or in a solvent. If the core is
originally preformed to final size, as shown by the meth-
ods illustrated in FIGS. 8 and 9, then the core material
should be sufficiently workable to be pressed, cut, ex-
truded or otherwise made into center cores.

The outer layer or layers are preferably materials which
can be worked in a molten or plastic state or which can
be formed into an extrudable condition by the addition of
a solvent which is fairly readily removed. The outer
layer or layers should be materials which are propellants,
ie., materials which are capable of burning in substan-
tially oxygen-free atmospheres. Polymeric or plastic
materials such as nitrocellulose, polypentaerythrithylac-
rylate trinitrate, or poly-2,4,6-triazaheptanol-1 acrylate
are all suitable for outside layers. In addition such high-
energy materials as TNT, cyclotrimethylenetrinitramine
and materials which burn with a low flame temperature
such as nitroguanidine, hydrazine nitrate, ammonium
nitrate, guanidine nitrate, etc., may be formed into a
proper workable state by the addition of binders such as
nitrocellulose, polyisobutylene, polyethylene, various
polyvinyl ethers, and other polymers previously men-
tioned. Groups containing nitrogen are particularly
desirable since they serve to impart energy to the over-
all propellant system and also to furnish quantities of
nitrogen gas in the reaction products. The nitrogen
formed helps to keep the flame temperature of the pro-
pellant within a range which can be tolerated by currently
existing weapons. However, if other suitable materials,
such as peroxides, can be polymerized, they, too, would
be satisfactory for layer materials. The outside layer
materials should preferably be compositions which are
easily soluble in the more common organic solvents and
which do not dissolve the core to an appreciable extent.
They should also be stable over a long storage period and
for military purposes preferably over a temperature range
of —60° to -+-165° F.

The ballistic properties desired of the propellants of
this invention will determine the relative weight ratios of
the two principal components, that is the core material
and the outside layer material or materials. Normally,
the amount of core material will be determined by the
duration of rapid, high-impetus burning or other ballistic
properties which may be desired, Thus, for example,
where cyclotrimethylenetrinitramine and nitrocellulose
are used as core and outside layer material, respectively,
it is possible to use from about 10 to 50 percent, by grain
weight, of core material, while the preferable weight
range is from 15 to 35 percent core material.

It may be found desirable to add deterrent layers of
such materials as dinitrotoluene, dibutyl phthalate, diamyl
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phthalate or 2,4-dinitroanisole.
concentrations ranging from about 1 to 20 percent by
weight of the propellant grain to be deterred and can be
put on by any of the methods known in the propellant art.

Finally, it may be desirable to glaze the propellant
grains made by the process-of this invention to make a
very free-fiowing propellant. Glazing may also be done
by any of the glazing processes known to those skilled
in the art. A small quantity of graphite applied in a

“sweetie barrel” has been found to be a very satisfactory
glaze.

The solvents suitable for the liquid immersion methods
should be ones which are suitable for making-a good
lacquer with the outside layer material and should be
substantially immiscible with the non-solvent medium
used, - They should, furthermore, have a boiling point
above the temperatures used in the mixing steps, but not
so high as to-make their removal difficult after the propel-
lant grains are formed. Thus a boiling point within the
range between about 70° C. and 90° C. is preferable.
Such solvents may include ethyl acetate, isopropyl ace-
tate, methyl isobutyl ketone, or a mixture of methyl ethyl
ketone and toluene. The choice of the solvent will, of
course, be made with reference to the outside layer mate-
rial and core material chosen.

The non-solvent medium for the slurry and lacquer
processes should be a liquid which is substantially inert
to and essentially a non-solvent for both the core mate-
rial and the polymer lacquer. It should be stable at the
elevated temperatures used in the mixing steps and should,
for practical purposes, be relatively inexpensive. In most
cases, water will be found to be the most satisfactory
vehicle.

In the shock gelation method, however, the solvent and
liquid medium must be miscible which makes the choice
of these two components somewhat different than for the
slurry or lacquer methods. In addition to being miscible
with each other, the solvent and liquid medium should
preferably be non-solvents for the core material. For
example, ethylene glycol may be used as the solvent for
the plastic or polymer cutside layer and water for the
liquid medium into which the globules are dropped and
the rounded grains form.

An excess of solvent is to be avoided to minimize the
amount which must finally be removed and also to mini-
mize the possibility of pore formaticon in the outside layers.
A minimum amount of solvent is also desirable from an
economic and a safety point of view. The amount of the
non-solvent medium in the slurry and lacquer process
and of the liguid medium in the shock gelation methods
is not critical but should be sufficient to insure a safe oper-
ation but not so great as to introduce handling difficulties.
The order of the quantities of the remaining components
will be illustrated in the examples given.

The choice of the stabilizer depends upon the cheice of
the outside layer material or materials used to coat the
core. For example, in the case of nitrocellulose, a smail
qguantity of-diphenylamine or 2-n1trodlphenylammu has
‘been found to be a satisfactory stabilizer.

The protective colloid is added in the liquid immersion
methods to facilitate the formation of uniform grains and
to prevent their adhering to each other. Typical protec-
tive colloids include such compounds as gum arabic, gela-
tin, gum tragacanth, dextrin, starch, animal glue, or ben-
tonite.

The agent used to remove the non-solvent medium en-
trapped in the grains in the slurry and lacquer processes
should be one which is inert or non-reactive with the com-
ponents of the mixture. If water is used as the non-
solvent medium such agent may conveniently be an inor-
ganic salt such as sodium sulfate, sodium chloride, barium
nitrate or potassium nitrate.

The temperatures used throughout the processes are gen~
erally somewhat greater.than room temperature to aid
such processes as- lacquer- formation, mixing, and grain
formation, to control the size of grains, and to drive off

These may be used in
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the solvent. Solvents should not be removed so rapidly
as to cause pores to form.  This may be regulated by
proper temperature control.

Stirring - where required should preferably be contmued
only as long as to accomplish. the purpose of the step.
Moderate stirring speeds are generally preferred, but the
final determination of stirring speed should. be with-re-
gard to turbulence and fluid-shear involved. -

The following examples illustrate the propellants of this
invention and the various processes for making.them. The
scope of this invention is, however, not limited to thess
examples.

Example'1

In a three liter Morton type flask, equipped with a
propeller-type stirrer, sixty grams of nitrocellulose (13.2%
nitrogen) ‘was infroduced with ‘1315 cc. of distilled water
containing one gram of calcium carbonate. The slurry
thus formed was stirred at-a moderate rate for about one
hour beginning at room temperature and gradually in-
creased to 50° C. During the initial 15 minutes of stir-
ring 15 grams of cyclotrimethylenetrinitramine (RDX)
crystals ranging from 0.012 inch to 0.028 inch in diam-
eter was added and thoroughly incorporated in the slurry.
Some 295 cc. of an 80/20 mixture of methyl ethyl ketone
and toluene, containing 0.6 gram of diphenylamine, was
slowly added to the nitrocellulose-RDX-water dispersion
with moderate stirring. The temperature was gradually
raised to 65° C. and stirring was continued for about an
hour. Just as the stirring was stopped, 120 cc. of a 10%
aquecus solution of gum arabic was added. The mixture
was then allowed to stand for 30 minutes and separated
into two layers, the aqueous layer on the bottom, the
nitrocellulose lacquer Iayer on the top. THhe lacquer was
then stirred rapidly for three to four minutes to break it
up. The stirring speed was reduced to about 760 r.p.m.
and the temperature increased to 75° C. Stirring was con-
tinued for about two to three-hours during which time
spheres were formed., Thetemperature was then lowered
to about 70° C. and 75 grams of powdered anhydrous
sodium sulfate was added and thoroughly mixed in. -The
dewatering period was then carried on for four to five
hours at 75° C,, i.e., below the boiling point of the methyl
ethyl ketone-toluene mixture. The temperature was then
increased to just below the boiling point of the sclvent
mixture and after some 80% of it had been removed by
distillation, the temperature was raised to 94° C.-to insure
complete removal-of the solvent. ‘The resulting product
was cooled to 40° C. and the spherical grains were washed,

_ filtered, rewashed and dried. These grains ranged in size
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from 0.013 to 0.033 inch, with the larger percent rang-
ing from 0.020 to 0.024 inch in diameter.

Example I

In a wide mouthed flask, 20 grams of pyro-nitrocellu-
lose (12.61% nitrogen) and 40 grams of hygrade-nitro-
cellulose - (13.5% nitrogen) were mixed, soaked with -
enough of an-80/20 methyl ethyl ketone-toldene mixture
to form a stiff gel, and then permitted to stand for about
18 hours. The nitrocellulose gel was kneaded for 30
minutes in a small sigma-blade mixer and then 15 grams

- of RDX crystals of the same size range as used in Example
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I was added slowly as the kneading continued for about
10 minutes more. A small amount of distilled water was
worked into the gel to make it flowable and the resulting
mass was placed in a 3-liter Morton type flask containing
about 1300 cc. water and 0.6 gram calcium carbonate.
The mixture was stirred for about one hour while the
temperature was gradually increased to 50° C:  Some 275
cc. of an 80/20 methyl ethyl ketone-toluene mixture, con-
tammg 0.86 gram dinitrotoluene and 0.6 gram diphenyl-
amine, was added slowly to the dispersion and the tem-
perature was gradually raised to 60° C. and maintained
thus for about 20 minutes and then was further raised
to 65° C. Stirring was continued for about an hour.
Just as the stirring was stopped, 120 cc. of a 10% aqueous
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golution of gum arabic was added. The mixture was
then allowed to stand for 30 minutes and separated info
two layers, the aqueous layer on the bottom, the mitro-
cellulose lacquer on the top. The lacquer was then
stirred rapidly for three to four minutes to break it up.
The stirring speed was reduced to about 760 r.p.m. and
the temperature increased to 75° C. Stirring was con-
finued . for about five hours during which time globules
were formed. During the initial 20 minutes of reduced
stirring speed 75 grams of anhydrous sodium sulfate was
added. After the spheres were formed, distillation of
the solvent at about 77° C. was begun. After 80% or
more of the solvent had been so removed the distillation
temperature was raised to 94° C. to remove all the re-
maining solvent. The propellant grains were cooled,
washed and dried at 60° C. The greater part of the
grains ranged in size from 0.020 to 0.024 inch in diameter
and were well formed and smoothly coated.

An additional deterrent coating of 10% dinitrotoluene,
by weight of propellant to be deterred, was applied by
suspending the grains in water containing gum arabic as
a protective colloid and the réquired amount of dinitro-
toluene dissolved in a minimum amount of 80/20 methyl
ethyl ketone/toluene. The suspended spheres were agi-
tated for 30 minutes at a temperature of 75° C. The
temperature of the suspension was raised to 80° C. and
the solvent removed by distiHlation. After cooling, the
spherical propellant grains were removed, washed and
dried at 40° C. in a circulating air oven for five days. A
glaze of 0.25% graphite was put on the spheres by means
of a sweetie barrel.

' Example II1

- NitroceHulose containing 11% nitrogen was made up
in a solution of diethylene glycol containing 8% by weight
of nitrocellulose. (The nitrocellulose contained 2% di-
phenylamine as a stabilizer.) To this saturated solution
of nitrocellulose 11% nitrogen was added cores of ni-
irocellulose 13.5% nitrogen which had been made by
extruding the nitrocellulose and cutting the strands to
give particles which were .05 inch in diameter and .05
inch long. After thorough mixing the solution contain-
ing the core particles was allowed to pass through a series
of holes of 0.09 inch diameter in the bottom of the
vessel. The droplets thus formed, most of which con-
tained cores of the mitrocellulose 13.5% nitrogen, were
dropped into a water bath and were kept in motion for
about 12 hours.

The propellant grains thus formed were then air dried
at 75° F. for about 24 hours and glazed with graphite in
a sweetie barrel. The average grain diameter was about
.07 inch.

Example IV

A composition equivalent to a commercial nitrocellu-
lose composition as given in Example V below was made
up and extruded through a triangular-shaped die to give
a strand the cross section of which was an isosceles tri-
angle having a height of 0.04 inch. The strand was cut
into 0.04 inch lengths and the geometrically shaped cores
(prisms) were air dried at 80° F. for 24 hours.  These
grains were tumbled in a mixture of 60/40 nitrocellulose
12.6%  nitrogen dinitrotoluene to give rounded grains
having an average diameter of about .045 inch. The
grains were glazed with graphite.

Example V

In order to double extrude a propellant grain strand,
a preform core of a composition equivalent to a typical
commercial nitrocellulose propellant was made up in the
shape of a cylinder 1% inches in diameter and 8 inches
long. The core material was 93% nitrocellulose (13.15%
nitrogen), 1% KiySO4, 5% dinifrotoluene and 1% di-
phenylamine and was made by kneading these compo-
nents in sufficient acetone to make the mixture extrudable.
While still in a readily pliable state the end which was
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to go first into the convergent section of the cylinder was
formed by means of a press so that it was preshaped for
extruding. The truncated cone thus formed was about
2v4 inches long, was %8 inch in diameter and had an
angle of inclination of 73.5°. The outside preform was
extruded of nitrocellulose 11% nitrogen using alcohol as
a vehicle, into a cylinder having an outside diameter of -
2V4 inches and an inside diameter of 11749 inches. This
cylinder of nitrocellulose was preshaped into a mold for
extruding. The final thickness of the wall at the top of
the cone was 149 inch and inside diameter was V% inch.
The core was slipped into the nitrocellulose preform and
the resulting double stick was inserted into an extrusion
press designed to use preforms of the above dimensions
(FIG. 5). A die of 0.70 inch diameter was used. The
resulting propellant strand was passed through a cutter
and grains 0.15 inch long were cut. The grains after
being air dried were about 0.60 inch in diameter and
0.12 inch long. They were graphite glazed in a sweetie
barrel. Microscopic examination of a grain cross section
showed that a nitrocellulose core .of about 0.4 inch in
diameter and outside layer of about 0.1 inch thick had
been formed. The presence of the two layers was easily
discernible. )
Example VI

A nifrocellulose commercial propellant was prepared
as described in Example V. Using this material as core
material and nitrocellulose (11% nitrogen) as outside
layer material, multiple layer propellant strands were €x-
truded in equipment designed as shown in FIGS. 6 and 7.
The resulting strands were cut before drying to form
“pillow” type grains as shown in FIG. 2(c). After
grains were air dried at 80° F. for 24 hours, they were
deterred with 5% dinitrotoluene and then glazed with

‘graphite in a sweetie barrel.

Example VII

Strands of a mixture of 80% cyclotrimethylenetrini-
tramine and 20% polyisobutylene by weight were made
by extruding this mixture made to a puttylike consistency
with carbon tetrachloride. ~ After drying, the strands
had a diameter of 0.02 inch. These core strands were
then passed, by way of rollers and a guide plate into an
extruder similar to that illustrated in FIG. 8. Nitro-
cellulose, containing 11% nitrogen and made up to an
extrudable consistency with alcohol, was used as the out-
side layer material. The die used had a diameter of
0.06 inch and the grains when dried had average outside
diameters of 0.05 inch. The strands were cuf with a
rotary cufter as they emerged from the extruder and the
resulting grains with average lengths of 0.10 inch, had
distinctly defined cores and outside layers as illustrated
in FIG. 2(b).

Example VIII

An 0.046 inch diameter strand of the nitrocellulose
composition described in Example V was coated with an
outside layer of slow-burning nitrocellulose (11% nitro-
gen) in equipment similar to that illustrated in FIG. 9.
A coating guide was prepared by soldering a % inch brass
stand to the bottom of a brass cup. An 0.046 inch hole
was drilled vertically through the cup and stand and the
hole in the cup enlarged to 0.093 inch. A solution con-
taining 2.9% nitrocellulose (12.6% nitrogen) and 7.5%
nitrocellulose (11% nitrogen) ‘was prepared in diethylene
glycol and placed in the brass cup. The previously pre-
pared nitrocellulose strand was fed through the 0.046-
inch diameter guide hole -in the strand into the cup con-
taining the solution and then through the center of the
0.093-inch hole. The strand coated with the nitroceliu-
lose solution was conducted out of the bottom of the
brass cup into a water bath. The sftrand was water
leached (shock gelled) for 12 hours, cut into grain Iengths,
and air dried at 80° F. The grains were glazed with
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graphite in a sweetie barrel to give a free-flowing pro-
pellant.
Example IX

A double chambered extruder head was assembled as
shown in FIG. 10 with one chamber concentric with the
other. The die of the extruder head connected with the
outer .chamber was 0.125 inch in diameter. The core
chamber was connected to.an 0.048 inch diameter tube

" position in the center. of the 0.125 inch die. ' A solution
containing 5.8% nitrocellulose (12.5% nitrogen) was dis-
solved in diethylene glycol and placed in the core cham-
bers. A solution containing 2.7% nitrocellulose (12.6%
nitrogen) and 7.5% nitrocellulose (11% nitrogen) was
dissolved in diethylene glycol and placed in the outer
chamber. By the proper variation of pressure on the two
chambers a continucus strand of nitrocellulose. with a
distinctive core and outer layer was extruded into a wa-
ter bath, The strand was water leached (shock gelled)
for 12 -hours, cut into grain lengths and air dried. The
grains, having an outside diameter averaging 0.05. inch,
consisted of a slow-burning outside layer and a fast-burn-
ing core. L

We claim: .

1. A process for forming propellant grains each con-
taining a core and at least ome discrete outside layer,
which comprises forming a first gel of explosive core ma-
terial and a liquid solvent therefor, forming a second gel
of an outside layer of deterrent material capable of sus-
taining combustion without external oxygen and a liquid
solvent therefor, simultaneously forcing said first and
second gels through concentric apertures to form a com-

posite globule of said second gel containing a’globule of

said first.gel therein, conducting the composite globule so
formed into a liquid medium miscible with both of said
solvents and a non-solvent for the core and the layer ma-
terial, diffusing the solvents of the respective gels of said
composite globule into said liquid medium until substan-
tially a complete interchange has taken place between
said solvents and said liquid medium without ¢hanging
the shape of the globule, removing from the resultant pro-
pellant grains the absorbed liquid medium and drying the
grains in any suitable manner.
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2. A process for forming propellant grains each -con-
taining a core and at least one discrete outside layer; which
comprises forming gels of the core material and an out-
side layer of deterrent material both capable of sustaining
combustion -without ‘external oxygen, providing solvents
for each gel miscible with each other, simultaneously
forcing concentric streams. of said’ gels of said core ma-
terial and said outside layer material through an aper-
ture to form a strand, conducting said strand into a
liquid medium. miscible with-both of said solvents and a
non-solvent for said core material and said outside layer
material, diffusing the solvents of the respective gels into
said liquid medium until substantially a complete inter-
change has taken place between said solvents in said strand
and said liquid medinm without changing the shape of said
strand, removing said liquid medium from said strand,
drying and cutting said strand into propellant grain

‘lengths.

3. A process for forming propellant grains as-recited
in claim 1, wherein the core material is selected from
the group consisting of nitrocellulose, trinitrotoluene, cy-
clotrimethylene-trinitramine, ~cyclotetramethylenetetrani-
tramine, pentaerythritol tetranitrate, ethylenedinitramine,
bis(trinitroethyl) nitramine, and bis(trinitroethyl) urea
and.the outer layer of polymeric plastic material selected
from the group consisting of nitrocellulose; polypentaeryl-
acrylate trinitrate, poly-2,4,6-triazaheptanocl-1 acrylate.
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