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Abstract The development of gun propellants from 2010 to 2016 has been a broad
endeavor. Researchers worldwide have examined every facet of energetic materials
involved with gun propulsion in efforts to improve both safety and performance.
They have looked at individual molecules to maximize energy content, as well as
revisiting past molecules and improving upon their original properties. A great deal
of effort has gone towards understanding and producing energetic nano-materials.
Co-crystallization of energetic materials has also emerged as a promising new
methodology to prepare energetics. Processing modifications to the propellant
material have shown improvements in burn rate modification. Charge consolidation
has seen a resurgence and novel gun concepts have both lead to significant
improvements in muzzle velocity at the prototype level. Virtually every aspect of a
gun propellant has been examined and improved upon.
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1 Gun Propellant Ballistics in a Nutshell

The role of gun propellants is to push a projectile out of a tube. The propellant
occupies the space in a gun chamber immediately behind the projectile that it is
supposed to expel as shown in Fig. 1. It is usually a solid energetic material that
upon the application of a proper energy stimulus rapidly decomposes into small
gaseous molecules. The subsequent rapid volumetric expansion of the gasses
propels the projectile down the bore of the gun. Guns can be characterized by
whether their target is hit via a line of sight (small caliber guns, medium caliber
guns, tank guns) or non-line of sight (grenade launchers, mortars, artillery)
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Fig. 1 Basic diagram of a gun

trajectory. Each of these systems has its own set of requirements for maximum
chamber pressure, blast over pressure, muzzle velocity, gun barrel erosion, com-
position of the combustion gasses, and flame temperature. Furthermore, the pro-
pellant must be entirely consumed by the time the projectile exits the gun barrel and
capable of being safely stored for several decades. Let us also not forget that these
gun propellants are also required to ballistically perform the same way in an
operating temperature range from —60 to +70 °C.

As an example, mortars have a much thinner chamber wall than any other large
caliber gun, and thus have strict requirements for low chamber pressures. The blast
overpressure and flame temperature must also be low since the warfighter is
standing in close proximity to the muzzle. Gun barrel erosion is not a significant
concern owing to the low cost of a mortar gun tube. Once a gun system and the
requirements of the propellant are identified, propellant development can begin. As
you can see, even though their primary function is quite simple, the requirements
that gun propellants must fulfill are quite vast and often competing.

Historically, gun propellants are categorized into three groups. Single base
propellants are composed primarily of nitrocellulose, an energetic polymeric binder.
The addition of nitroglycerine, a highly energetic and sensitive plasticizer, to
nitrocellulose, created a very energetic and hot propellant dubbed a double base
propellant. To reduce the flame temperature of a double base propellant, which was
necessary to utilize them in large caliber gun applications to extend barrel life,
nitroguanidine was added to double base propellant formulations. These propellants
consisting of nitrocellulose, nitroglycerine, and nitroguanidine were termed triple
base propellants. They are intermediate in energy and flame temperature between
single and double base propellants.

A propellant functions by first being ignited at the base of the cartridge or breech
of the chamber by an igniter as shown in Fig. 1. Traditional chemical igniters
include black powder, boron potassium nitrate (BKNO;), Benite, or clean burning
igniter (CBI), which is about 98% nitrocellulose (NC). These materials ignite the
propellant bed via a combination of convective heat transfer from the fast moving
hot gasses they generate and from conductive heat transfer of hot particles
embedding themselves into the propellant grains. The exothermic energy they
release is due to the myriad of oxidative combustion reactions that occur during
deflagration. Recently, nano-Boron particles were incorporated into a BKNO;
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igniter. It was demonstrated that heat output and pressurization rates increased due
to the smaller particle sizes, but the maximum pressure generated was not altered by
the use of nanoparticles [1].

Once ignited, the propellant undergoes its own combustion reactions laterally
from the surface of the grains, filling the gun chamber with more gaseous molecules
that push against the projectile base until it exits the gun barrel. Behind the pro-
jectile, hot fuel rich gasses are also expelled forming a concentrated plume that is
re-ignited upon exposure to atmospheric oxygen owing to its high temperature to
produce muzzle flash, which must also be mitigated so as not to give away the
position of the gun system [2]. Everything that has been described up until now has
to occur in a gun within a few tens of milliseconds.

The pressure versus time trace inside the gun is provided in Fig. 2. The pressure
rises and the projectile is pushed into the gun barrel. The projectile begins to move
just prior to the chamber pressure reaching a maximum. The pressure inside the
chamber rapidly dissipates and while the projectile is moving down the bore and
out of the muzzle it is decelerating. To boost gun performance in terms of range, or
projectile time of flight, one needs to boost the projectiles muzzle velocity which is
directly related to pressure inside the chamber during the ballistic cycle. However,
since most fielded guns are already operating at near their maximum pressures, it is
not feasible to simply boost the energy of the propellant without modifying the
chamber. The optimal way to achieve this would be to widen the pressure time trace
without increasing the maximum pressure. This would increase the amount of work
performed on the projectile by the propellant gasses thus leading to higher muzzle
velocities. To date, a variety of methods involving charge design have been
attempted to widen the pressure time curve, but the substantial increase in muzzle
velocity has remained elusive.

An alternative approach is to utilize two propellants with significantly different
burn rates which would attain maximum pressure at different times, thus in effect
increasing the overall pressure experienced by the projectile without surpassing the
maximum allowable pressure. One recent approach has been to use a two stage gun
design. In this case, the gun chamber contains two propellants, and two igniters,
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separated by a piston. The propellant adjacent to the projectile is ignited first, which
pushes the projectile. Then, a short delay igniter initiated the second propelling
charge. The second propelling charge pushes on the piston which then begins to
move towards the projectile already moving down the barrel. This compresses the
gasses behind the projectile and increases the pressure behind the projectile. This
produced a double hump in the pressure time trace, which increased the muzzle
velocity by about 30% [3]. Although the increased muzzle velocity was achieved,
this gun setup required that the two igniters were part of the breech and barrel. This
type of setup requires the development of an entirely new gun system to be
practical.

2 Ignition of Propellants

For a gun propellant to function properly and efficiently, its deflagration needs to be
initiated. Ideally, the entire propellant bed should be ignited instantaneously,
however in practice this is rarely achievable. Besides the chemical ignition
methodology described previously, other forms of ignition being examined for gun
systems include electrothermal-chemical (ETC) [4], and laser ignition [5]. Both
laser and ETC ignition are much more consistent in their delay times than con-
ventional chemical ignition, and offer improved ballistics, but their implementation
has been hampered by a variety of reasons.

In ETC ignition, the igniter produces a plasma that imparts its energy directly
onto the propellant bed. The benefit of this type of plasma ignition is that ignition
delays become very consistent, higher charge loading densities can be efficiently
ignited, the entire propellant bed is ignited virtually instantaneously, and the energy
input can be compensated to better control ignition during temperature extremes. It
has been demonstrated that in a propellant employing plasma igniters, the ignition
delay is shortened by about 90%. Furthermore, the plasma achieves similar results
to a standard igniter, with less overall energy required. Using a deterred NC strand
as an igniter, it was calculated that the NC igniter imparts 2.6 kJ of energy to the
propellant based on the calculated heat of explosion under constant volume con-
ditions. The plasma deposited energy was calculated to be 1.05 kJ from the
experimental currents and voltages [6].

A variant of ETC known as electrothermal ignition (ETI), incorporates an empty
space between the propellant and the formed plasma. This space permits the plasma
to become a working fluid before it interacts with the propellant. In a recent study,
ETI was employed as an ignition source for a CAB based low vulnerability
(LOVA) propellant in a 45 mm laboratory gun at two loading densities (0.5 and
0.7 g/cc) and two temperatures (21 and —40 °C). Gun propellants are known to lose
some muzzle energy at extreme cold temperatures leading to reductions in muzzle
velocity and subsequent range. It was demonstrated in this effort that ignition delays
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were indeed reduced, and very consistent. At the lower charge density, the velocity
of the projectile at cold temperature was effectively compensated for by the addition
of more plasma energy. However, when this technique was employed with the
larger loading density, large negative differential pressures (NDP) were observed
between the breech of the gun and the projectile base. These were mitigated by
lowering the plasma energy at the expense of increasing ignition delays from about
1.5 ms to 3 ms [7].

The occurrence of NDPs is in many cases due to ignition. Because chemical
ignition occurs at the base of the chamber and spreads towards the projectile, the
bulk propellant is not ignited simultaneously. This in turn leads to pressure waves
forming inside the gun chamber. Once the pressure wave travels from the ignition
source towards the projectile, it can get reflected back by the base of the projectile.
This reflected wave begins raising the pressure significantly behind the projectile
and is traveling towards the breech of the gun, thus forming an NDP [8]. This spike
in pressure will also force the remaining unburnt propellant to burn even faster, as
discussed later, and further exacerbates the situation in the gun chamber. If the NDP
is great enough, catastrophic gun failure results. This can be traditionally mitigated
by careful propellant formulation, grain, and charge design.

Nakamura and co-workers examined the effects of igniter tube length, igniter
tube perforation area, and igniter mass for their ability to generate NDPs from a
triple base propellant in a closed vessel fitted with a burst disk and several pressure
transducers. They demonstrated that with a Benite igniter (a mixture of black
powder and nitrocellulose), longer igniter tubes were able to significantly reduce the
NDP magnitude because a larger fraction of the propellant bed was ignited early in
the ballistic cycle [9]. Thusly, long center core igniters can help mitigate NDP
formation in larger caliber guns.

Thermite compositions consisting of a metal fuel and oxidizer have also been
demonstrated to be effective igniters for propellants. Howard demonstrated that a
variety of thermite oxidizer and fuel combinations can effectively ignite a disc
composed of JA2, a high energy propellant. Furthermore, different combinations of
oxidizer and fuel were able to ignite the JA2 in different ways. Some lead to a rapid
rise in pressure within the chamber from the JA2 disc while others produced a softer
more delayed pressurization [10]. This clearly demonstrated how ignition can
control propellant ballistic performance.

Baschung and coworkers compared the nanothermite composition WO3/Al as an
igniter against black powder and plasma ignition in a 60 mm gun with a LOVA
propellant. As the prefix implies, nanothermites are composed of nanometer scaled
particles of oxidizer (WO;) and fuel (Al). In conventional thermites, upon activa-
tion, the oxidizer and fuel undergo redox reactions that generate tremendous heat.
In nanothermites, the increased surface area drastically increases the rate of reac-
tion, thereby releasing tremendous amounts of heat very rapidly. Since no gasses
are generated in a thermite reaction, convective heating of the propellant bed is not
possible. Convective heating, however, is necessary for efficient ignition of the
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propellant bed. To alleviate this, the WO3/2Al nanothermite also had azodicar-
bonamide added at 10% by weight as a gas generator. They demonstrated that the
ignition delays of the nanothermite significantly increased relative to the black
powder while the velocity of the projectile and maximum pressure in the chamber
remained unchanged. They also demonstrated that the plasma ignition was signif-
icantly more consistent with regards to ignition delay, and by once again adjusting
the plasma energy, they were able to compensate for poor low temperature per-
formance of the LOVA propellant [11].

Recently two nanothermites were examined for their ability to ignite JA2. Both
nanothermite igniters were sandwiched between a JA2 disk and a nanoporous
silicon wafer filled with potassium perchlorate. The potassium perchlorate would
ignite the thermite, which in turn would ignite the JA2 propellant disc. It was
demonstrated that a Bi,O3 nanothermite was incapable of igniting the JA2 because
it generated high velocity gasses which prevented the hot particles from having
sufficient contact with the propellant for heat/energy transfer to occur. A copper
oxide thermite on the other hand was successful in igniting the JA2 disk [12].

Su and co-workers utilized a supercritical CO, fluid technology to generate a
foamed NC igniter with titanium particles (5—-15%) embedded in it. The titanium
particles would increase the effects of conductive heating, thus igniting the pro-
pellant bed in a more efficient manner. In comparison to Benite, they clearly
demonstrated that their NC-Ti foamed propellant had a higher burning rate, cal-
culated energy, and a significantly higher maximum pressure. Interestingly, the
sample with 10% titanium particles had the highest values for burn rate and pres-
sure, demonstrating that there is an optimal amount of titanium that is beneficial for
ballistic performance, while below or above that point the material quickly worsens
in performance [13].

3 Combustion of Propellants

In combustion, a material is oxidized to the maximal extent of available oxygen.
Combustion is a series of complex redox reactions in which a large molecule is
broken apart, atom by atom, to form low molecular weight gasses such as water,
nitrogen, carbon monoxide, and carbon dioxide, among others. As an example, the
combustion of nitroglycerin (NG) is presented in Eq. 1.

2C3HsN309 — 6CO; + 5H,0 + 3N, +1/2 0, (1)

As can be seen, NG is oxygen rich. In this idealized case of combustion, all
carbons are converted to CO,, hydrogens are converted to water, and nitrogens
were converted to N,. However, most gun propellant ingredients have an insuffi-
cient amount of oxygen, and the reaction described above cannot go to completion.
Therefore, the combustion reactions of gun propellants become more complex.
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A quantitative measure of a molecule or material’s ability to undergo combus-
tion to form CO, is its oxygen balance (OBco,). The OBco, of an energetic
material, provides essential information regarding whether enough oxidizer is
present in a molecule or material for it to effectively deflagrate. The formula for
oxygen balance follows:

1600 (

OBco, = — ————
#%0Bco, Mol W

2o+ +M—2) )
wherein x is the number of carbon atoms, y is the number of hydrogen atoms, M is
the number of metal atoms, and z is the number of oxygen atoms. This value reflects
the ability of the material to undergo sustained oxidative combustion to form carbon
dioxide. An oxygen balance of zero implies that the material has equal parts oxi-
dizer and fuel. A positive oxygen balance implies that the material is rich in
oxidizer and should burn to completion. If a material has a negative oxygen bal-
ance, it is fuel rich and will probably not burn to completion. One thing to note is
the absence of nitrogen in the equation, since nitrogen preferentially forms N, thus
not requiring the oxygen for it to undergo oxidative combustion. The more oxygen
balanced the molecule/material, the more likely deflagration can be sustained.
Since most energetic materials are slightly oxygen deficient, the prediction of
gaseous combustion products based on the idealized case of NG in Eq. 1 are
insufficient. The Kistiakowsky-Wilson (K-W) rules treat the formation of CO, in a
step-wise manner and are applicable towards propellants and materials with an OB
greater than —40%. In these cases, carbon is first oxidized to carbon monoxide.
Then the remaining oxygen is utilized to convert hydrogen to water. Finally any
available oxygen converts the carbon monoxide to carbon dioxide. Once again (and
in all subsequent methodologies), all nitrogens are converted to N,. For propellants
with an oxygen balance lower than —40%, modified K-W rules should apply. In this
case the primary step is the conversion of hydrogen to water, followed by the
step-wise conversion of carbon to carbon monoxide, and carbon dioxide respec-
tively. In all of the described methodologies, any unoxidized carbon and hydrogen
is converted to carbon residue, and hydrogen gas. Another methodology that
attempts to account for inconsistencies observed during actual gun firings are the
Springall-Roberts (S-R) rules. Just like the K-W rules, carbon is first converted to
carbon monoxide. Hydrogen is converted to water, and then the carbon monoxide is
converted to carbon dioxide. Two other caveats are also present. Firstly, one third
of the carbon monoxide formed, is converted to carbon residue and carbon dioxide.
Then, one sixth of the original carbon monoxide is converted to more carbon
residue and water (assuming that not all of the hydrogens were converted to water)
[14]. All of the above described methodologies are shown below for an idealized
molecule C4H,0gN5 with an OB of —40% and as can be seen, each one produces
different amounts of combustion products for the same molecule. Since gun
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propellants are essentially gas generators, an accurate prediction of the amounts of
gasses formed during deflagration is essential.

6C4H706N5() — 18COy) + 6C ) + 21Hy () + 15N,(,)  (ideal combustion case)

6C4H706N5(S) — 24C0(g) + 12H20(g) + 9Hy () + 15Ny )
(K—W combustion case)

6C4H706Ns(5) — 21H20(q) + 15CO(q) + 9C(5) + 15Ny (o)
(modified K—W combustion case)

6C4H7O6N5(S) — 12C0(g) + 16H20(g) + 5H2(g) + 8C(s) + 4C02(g) + 15N2(g)
(S—R combustion case)

As discussed above, combustion of propellants may not proceed completely to
the formation of carbon dioxide due to insufficient oxygen being present in the
molecule or material. An oxygen balance can also be calculated based on the
formation of carbon monoxide instead of carbon dioxide as in Eq. 3 and may be
more indicative of combustion efficiency. Unfortunately, none of these rules are
absolute in predicting the actual combustion products, since in actual gun firings,
trace gasses have been reported consisting of various nitrogen oxides and hydrogen
cyanide. Thusly, not all of the materials nitrogen’s are exclusively converted to
nitrogen gas.

1600 (x

OBco = —
%0Bco Mol .Wr.

+2+M-z) (3)
2

Some common energetic propellant ingredients that will be discussed shortly are
presented in Table 1 with their respective oxygen balances, densities and heats of
formation. As can be seen, as the nitration level of NC increases, its oxygen balance
rises, as does its heat of formation (AHy). In energetic formulations, large positive
heats of formation are desirable owing to their high potential energy contributions.
Nitroglycerin (NG) is a molecule that has an excess of oxygen. The cyclic nitramines
RDX and HMX both have OBcg’s of zero and positive AH;’s demonstrating their
utility in energetic formulations. It has been shown that OB correlates to the brisance
of an energetic molecule, but a similar trend has not been observed in
multi-component materials, such as propellant formulations. One other noteworthy
trend in the table is that for all molecules except for NQ, the OBcq is positive
indicating that there is sufficient oxygen present for those materials to undergo
combustion and form CO and water. This would indicate that perhaps OB is a
more realistic indicator of an energetic materials performance than OBco,. It also
becomes apparent that neither OBco, nor OB correlate well with AHy.

Recently, a group demonstrated through modeling and experiment, that below a
certain threshold value for oxygen balance of a gun propellant, residue appears
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Table 1 Properties of some common propellant energetic ingredients

Energetic Mol. wt. (g/mol) | Formula OBco, | OBco (%) | Density (g/cc) | AH; (kJ/mol)
(%)
NG 227.09 C3H;5N;309 3.52 24.66 1.59 —371
PETN 316.14 CsHgN,O(» —10.12 | 15.18 1.78 —539
RDX 222.12 C3HeNeOg -21.61 | 0.00 1.82 70
HMX 296.16 C4HgNgOg -21.61 | 0.00 1.91 75
NQ 104.07 C,H4N,0, -30.75 | —-15.37 1.76 -92
NC (12.6% N) 272.38 CeH7.55sN245099 | —34.51 | 0.73 1.66 —-708
NC (13.15% N) | 279.66 CeH737N2.64010- | —31.38 | 2.95 1.66 —688
NC (13.45% N) | 284.15 CeH726N2740104 | —29.45 | 4.34 1.66 -678
NC (14.14% N) |297.13 CeH7N;0, —24.23 | 8.07 1.66 —653

owing to the incomplete combustion of the propellant. They altered the oxygen
balance between —29 and —103% by altering the amount of dibutyl phthalate (an
inert material with few oxygens) present. They also demonstrated a strong corre-
lation between nitroglycerin content of the propellant and the pressure inside the
vessel during combustion. Higher NG content, oxygen balance, and pressures lead
to less residue formation [15].

Once properly ignited, gun propellants burn laterally from their surface. The top
of the grain exposed to the hot gasses and particles of the igniter begins to form a
condensed reaction phase zone within which oxidative chemical decompositions
begin forming lower molecular weight gasses which are expelled laterally away
from the propellant. This gaseous efflux gives the condensed phase layer a foamy
appearance. This reactive zone also increases the temperature of the propellant grain
below it, thus lowering the required activation energy for the material beneath it to
undergo a combustion reaction. Immediately above this condensed reaction phase
zone, there exists the flame front. Between the flame front and the reaction zone is a
dark zone, whose height is determined by the velocity of the gasses coming off of
the propellant grain and the pressure experienced within the combustion vessel [16].

Since propellant grains burn laterally from exposed surfaces, their burn rate
would need to be determined to effectively harness their energy release. A closed
vessel (CV) test is usually performed to achieve this. Just as the name implies, it is a
completely closed vessel built to withstand enormous pressures. Strand burner tests
can also be utilized but are more suited for the lower chamber pressures associated
with rocket propellants. From this CV test, in which a fixed amount of propellant
grains of known geometry are ignited, and allowed to deflagrate, the burn rate of the
propellant can be determined at varying pressures. Furthermore, the coefficients of
Vielle’s law (Eq. 4) for burn rate can be determined.

r= pp* )

For gun propellants, a pressure exponent (o) > 1 implies that the propellant’s
burn rate is very sensitive towards pressure. Thus, as a propellant with (o) > 1
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deflagrates inside the test chamber, the burn rate increases faster than the pres-
surization. This may be indicative that the material can undergo a deflagration to
detonation transition in some cases. Energetic materials that have an (o) < 1 are
fairly irresponsive towards pressure changes and are desirable. Black powder falls
into this latter category, which is what makes it a very useful igniter. It allows the
black powder to be utilized effectively in igniters in virtually any configuration such
as bag charges since they do not need pressurization to effectively form flames and
hot particles.

It has been demonstrated that CV analysis is quite sensitive towards the testing
conditions. An increase in the amount of igniter material employed, changes in the
propellant loading density, how the igniter and propellant are packaged, and the
dimensions of the CV all play a critical role in determining the burn rate parameters
of the propellant. Furthermore, when the burn rate data from the various firing
configurations was used to compute the ballistic profile of a 7.62 mm round, none
of the closed vessel predicted burn rates permitted an accurate match to the
experimental gun firings, thereby indicating that the CV test does not mimic the
intended system sufficiently well, and requires further fitting factors to be employed
[17]. It is imperative that when comparing burn rates from the literature, the entire
procedure for propellant sample preparation is provided.

Variants of the closed vessel test exist, and also provide meaningful information.
Interrupted burning of propellants can be achieved by placing burst discs in the CV
apparatus which burst and depressurize the chamber after it reaches a critical
pressure. The rapid depressurization quenches the deflagration leaving partially
burnt propellant. Thus, partially burned grains can be examined. In this manner,
multi-perforated propellant grains were demonstrated to exhibit wave-like
deflagration inside the perforations instead of uniform lateral deflagration [18].

Based on all of the above information, grains can be designed in which the
pressurization rate can be tailored to meet the specific gun requirements. Since
deflagration occurs at the surface of a grain, it is directly related to the available
surface area. As a spherical or cylindrical grain burns, the available surface area
diminishes as shown in Fig. 3. Since there is less available surface area as the
deflagration proceeds, the burn rate and pressurization slows down. This is termed
regressive burning. Neutral burning can be achieved by adding a single perforation
down the middle of a cylindrical grain. Thus, as deflagration proceeds, the outside
layer of the grain diminishes in surface area, while the perforation grows in
diameter, thus compensating for the lost surface area from the outside of the grain.
Multiple Perforations can also be employed to make a propellant exhibit progres-
sive burning, in which the surface area increases as deflagration proceeds. By
utilizing multi-perforated cylindrical grains, the increased surface area inside the
multiple perforations over compensates for the reduced surface area of the outer
grain leading to rapid pressurization until the grain falls apart into slivers, at which
point it undergoes regressive burning.
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4 Propellant Ingredients

4.1 Energetic Molecules

What makes a material, and a molecule energetic? By definition, an energetic
material is one that contains a large amount of stored chemical energy. When
exposed to a sufficient shock, thermal, or impact stimulus, which can overcome the
initial activation energy of these materials, they rapidly release this stored energy in
an exothermic process. This exothermicity provides the energy for subsequent
energetic molecules to overcome their activation energy barriers and the cascade of
energy release continues. Therefore, a useful thermodynamic parameter to gauge
the strength of an energetic material is its heat of formation (AHy). The higher the
value of AHg, the more energy is available to be released.

Energetic materials can be composed of an oxidizer and a fuel source. Once the
proper stimulus is applied, the oxidizer and fuel will mix and deflagrate as in a
rocket propulsion system. In gun systems it is very challenging to design this two
component system to achieve deflagration. Instead, both the oxidizer and fuel are
present in the same material and even the same molecules.

Traditionally, to make a molecule energetic, nitroester, nitro, nitramines, and
azido groups are added to it as shown in Fig. 2. Besides each group containing at
least one nitrogen atom, these groups also share another commonality: they all have
a weak heteroatom bond that can be cleaved to initiate the cascade of reactions
leading to energy release. The nitroester O-N bond is quite labile and can undergo
rapid homolytic degradation to form oxide and NO, radicals. The azido groups
undergo decomposition during combustion to form nitrogen gas, hydrogen gas, and
a cyanide functional group while releasing 685 kJ/mol [19]. Azides are especially
attractive because they have very high heats of formation (~350 kJ/mol) [20].
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Incorporating multiple nitrogen atoms into aromatic rings is another method of
making energetic materials as in the case of tetrazoles and tetrazines.

O C;) [VaVAVAV )
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nitroester nitro nitramine azido tetrazole

The typical gun propellant is comprised of a combination of energetic materials
to achieve its desired function. Energetics for gun propellants are in essence con-
trolled gas generators and should deflagrate, not detonate. Ideal gun propellants
burn to completion, leaving no residue, and generate small molecular weight gases
such as N,, CO,, CO, and H,O. These gases, through their motion, bombard the
projectile and generate the pressure that propels the projectile out of the gun barrel.

4.2 Energetic Binders

Nitrocellulose

Traditionally, a gun propellant consisting solely of the energetic binder nitro-
cellulose has been called a single base propellant. The polymeric nature of this binder
allows the material to be extruded into any desirable configuration and maintain its
shape. The predominant binder in single base and all gun propellants is nitrocellulose
(NC). Currently fielded single base propellants include AFP-001, and M1.
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NC is a nitrated form of cellulose. There are three hydroxyl groups available for
nitration, and depending on the reaction conditions various positions get nitrated.
Generally, nitration is performed in a mixture of nitric (HNO3) and sulfuric acids
(H,SO,4). At HNOj; concentrations less than 75% and greater than 82% by weight it
has been demonstrated that the nitrocellulose product is perfectly soluble in the
reaction medium and this is termed homogeneous nitration [21]. The mechanism of
homogeneous nitration proceeds in a stepwise manner as shown in scheme 1. In
this case, the relative equilibrium constant for the nitration (K,,) is indicated for each
free hydroxyl group. The hydroxyl of cellulose at position six has the highest K, of
30 and is most likely to undergo the first nitration reaction, while the hydroxyl at
position 3 has the lowest K. The mono-nitrated cellulose will then undergo sub-
sequent nitration to the di-nitrated and finally tri-nitrated NC polymer. Sparse

Scheme 1 Formation of nitration products of cellulose
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amounts of the 2, 3 dinitrated products are formed [22]. Homogeneous nitration is
not employed to make military grade NC, owing to the fact that the presence of
water in the reaction mixture severely hampers nitration.

Heterogeneous nitration is performed at HNO; concentrations between 75 and
82% by weight. In this case, the NC is an undissolved solid in solution. This may at
first appear counterintuitive as to why higher nitration levels are achieved in a
molecule that is not fully dissolved, but it has been demonstrated that water diffuses
less into the solid NC than does the HNOj3. Therefore, the free hydroxyl groups
have higher local concentrations of acid in the heterogeneous process [23]. It was
demonstrated via [13] C-nuclear magnetic resonance analyses that in heterogeneous
nitration, the free hydroxyl at position 6 of cellulose is exclusively nitrated in the
initial step [24]. Only subsequent nitrations occur at the 2 and 3 positions of the
polymer.

Other important aspects of the properties of NC are determined by the source of
cellulose. Cellulose can be obtained from wood pulp or cotton linters. The source
greatly affects the mechanical properties of NC, which in turn effects its ballistic
performance. Recently, a group examined NC made from bacterial cellulose.
Bacterial cellulose is composed of ribbon-like microfibrils that are two orders of
magnitude smaller than plant cellulose. They demonstrated that thermally it
behaves the same as conventional NC, but owing to its differing physical properties,
it may exhibit altered performance ballistically [25].

A variant of NC, cellulose acetate nitrate (CAN), was also recently examined in
gun propellants. In this case, any free hydroxyl groups on NC were acetylated. This
was performed in efforts to reduce the sensitivity of the material, however the
addition of the non-energetic acetate groups also leads to a reduction in available
energy. It was demonstrated in a 105 mm howitzer that although a CAN based
propellant formulation was able to perform similar ballistically to the standard M67
propellant, the CAN propellant fared worse in a fragment impact test. It was pro-
posed that the more severe response to fragment impact was due to the higher burn
rate of the CAN propellant causing over-pressurization before the deflagrating
propellant could vent through the holes caused by the fragment [26].

Recently, the functionalization of cellulose with energetic groups other than
nitrate esters was performed in various efforts to produce an energetic polymer with
material properties similar to those of NC, yet with more long term stability. It was
demonstrated via variable heating rate differential scanning calorimetry
(DSC) experiments that the thermal stability of the azidodeoxy cellulose (AZDC)
was greater than CAN, which was greater than azidodeoxy cellulose nitrate
(AZDCN) [27]. Nitramine functionalized variations of cellulose have also been
synthesized. Butylnitraminocellulose (BNAC) and methylnitraminocellulose
(MNAC) were synthesized and mixed with aminodinitramide (ADN). BNAC and
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MNAC propellants were found to outperform NC at binder concentrations below
50% by weight [28].
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4.3 Energetic Plasticizers

Another common component of propellant formulations are energetic plasticizers
that make the material easier to form into various shapes and allow for some
mobility of materials within a propellant grain. Plasticizers function by intercalating
themselves between the polymer chains and disrupting the weak van der Waals and
hydrogen bonding interactions that hold the polymer chains tightly together. This
intercalation is caused by the plasticizer in essence solvating the polymer and
swelling the material, thusly also increasing the void volumes between polymer
chains. Since plasticizers are usually small molecules, once intercalated, they permit
the polymer chains to twist and glide, thus acting as a lubricant. All of these
interactions between the energetic polymers and plasticizers are aimed at lowering
the glass transition temperature (T,) of the material. The glass transition tempera-
ture is the temperature below which the components of an amorphous material such
as a gun propellant have no motility causing the material to become very brittle.
Brittleness is detrimental towards proper ballistic performance, since a brittle pro-
pellant breaks up into many fragments during the ballistic cycle thus increasing the
available surface area for combustion. As can be inferred, the plasticizer’s melting
point correlates to how low the T, of the resultant material will be.

Plasticizers improve the mechanical properties of propellants. One test to eval-
uate these mechanical properties is via uniaxial compression. This test simulates the
types of compressive forces that the propellant grains would experience during the
ballistic cycle by being thrown into other grains and the chamber walls. A typical
uniaxial compression result is presented in Fig. 4. In Fig. 4a, a viscoelastic pro-
pellant is examined. Initially it undergoes an elastic compression up until the yield
point and the slope of that line is the Compressive Modulus (Young’s Modulus).
The material then work hardens (deforms) up to the failure point, after which the
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Fig. 4 Typical stress-strain profiles for a (a) viscoelastic material and (b) Brittle material

material loses all integrity. In a brittle material as presented in Fig. 4b, there is no
yield point or work hardening. The material quickly reaches a failure point and
loses all integrity.

Propellants consisting of an energetic binder and energetic plasticizer are dubbed
double base propellants. Historically, double base propellants consist of nitrocel-
lulose as the binder and nitroglycerin as the energetic plasticizer [29]. The energetic
plasticizer is critical to keep the propellant grains from fracturing during the ballistic
cycle by improving the Young’s modulus for the grains and its ability to work
harden and resist fracture due to stress and strain. If the grains fracture, there is a
sudden increase in available surface area for deflagration which causes a sudden
jump in pressure inside the gun. This could be detrimental ballistically and lead to
catastrophic failure of the gun [30]. Currently fielded double base propellants
include M9 and JA2.

Recently, JA2, a viscoelastic highly energetic propellant, was examined and its
Young’s modulus, stress at failure, and strain at failure were determined at 10°
intervals from —50 to +80 °C. It was demonstrated that at temperatures below
60 °C, elastic behavior was followed by work hardening prior to material failure.
Above 60 °C no elastic region was identifiable. SEM analysis of samples just below
the failure strain demonstrated that above 20 °C, the flow in the orthogonal
direction relative to the compression was evident due to decreasing microvoid
formation. Below 20 °C, microvoid formation and crack tip propagation were the
primary failure modes [31].

A variation on uniaxial compression was recently developed by Zhang et al.
[32]. In a traditional uniaxial compression test, right cylindrical grains are com-
pressed along their lengths. The grains experience forces only on their circular faces
and the sides of the grain are free to expand in the direction perpendicular to the
compressive force. In Zhang’s apparatus, a large double base propellant grain was
pressurized from all sides via the addition of pressurized hydraulic oil inside the
chamber, and then underwent uniaxial compression, at various oil pressures. As the
oil pressure surrounding the grain increased so did the yield point. Grain fracturing
was not observed at higher confining pressures. Also, failure of the grain was
shown to occur beyond the limits of the apparatus. Basically, the grain was forced
to maintain its shape due to the oil. This may be a better representative test of what
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is occurring inside a gun chamber during rapid pressurization. The pressure may not
be allowing the grains to deform as much as they do in a standard uniaxial com-
pression tester.

The most common energetic plasticizer is nitroglycerin (NG). It is simply the
nitrated form of glycerol. This material is highly energetic and extremely sensitive
towards any type of stimuli. However, when this material is mixed with NC, there is a
synergistic effect in terms of sensitivity. The resulting double base propellant
becomes significantly less sensitive than either of the neat materials. A significant
concern with double base propellants having a high NG concentration is that the NG
migrates over time owing to its small size and structural similarity to NC [33]. It has
been known to even seep out of the grain and condense on the surface. In such cases,
it makes the propellant very sensitive. Recently, isothermal thermogravimetric
analysis (TGA) revealed how readily NG evaporates from the propellant grain at
elevated temperatures. Furthermore, like all nitrate esters, NG undergoes catalytic
decomposition, which requires the addition of stabilizers to quench these reactions
[34]. Many of these properties may be attributed to the NG existing as fine droplets
instead of well dispersed molecules in the NC matrix [35]. Below are some nitrate
ester plasticizers that have historically been employed as energetic plasticizers which
owing to their similarity to NG share the same benefits and drawbacks to varying
degrees. Recently, a propellant consisting of 60% NC, 28% NG, and 9.5% TEGDN
prepared by a solventless extrusion technique was analyzed for its safety and thermal
stability. It was shown that this well plasticized propellant’s thermal characteristics
were mainly governed by NC’s thermodynamic behavior [36].
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More recent plasticizers for gun propellants include bis-dinitro-propyl
acetal/formyl (BDNPA/F), and a variety of nitrooxyethyl nitramines (NENA).
BDNPA/F is a eutectic mixture of BDNPA and BDNPF. BDNPF is a solid which is
soluble in BDNPA, a liquid. Together they successfully lower the glass transition
temperature of the propellant and are quite energetic yet stable owing to the geminal
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Table 2 Properties of various NENA derivatives

Properties Me-NENA Et-NENA Pr-NENA Bu-NENA
Density (g/cm?) 1.53 1.32 1.26 1.21
m.p. (°C) 38-40 1-5 -2 —27 to —28
DSC exotherm (°C) 218 210 210 210
AH; (kJ/mol) 1113 784 503 259

dinitro groups present. The NENAs utilize both nitramines and nitroesters as sources
of their energy. They have been demonstrated to enable propellants to exhibit high
burn rates yet retain low flame temperatures. They all have highly positive AH’s.
One disadvantage of NENAs with R groups shorter than a butyl functionality, is their
melting temperatures are above —2 °C and increase as the alkyl chain shortens (as
shown in Table 2), which in turn would raise the T, of the propellant formulation.
Sadly, the AH¢follows the opposite trend with butyl-NENA having the lowest value
(259 kJ/mol), yet they are all positive [37]. Thusly, butyl-NENA has been shown to
improve the energy content, insensitivity, and mechanical properties in single,
double, and triple base propellant formulations [38].
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Recently, Yan’s group examined 10 nitrate ester plasticizers as shown in Fig. 5,
to determine their thermal stabilities and correlate them to structural motifs [39].
They determined that each nitrate ester undergoes the same decomposition mech-
anism beginning with homolytic cleavage of the O—NO, nitroester bond with a
bond dissociation energy on the order of 150 kJ/mol. Three exceptions to this trend
were NG, TMPTN, and TMETN which exhibited significantly lower decomposi-
tion activation energies of 100 kJ/mol owing to their tendency to evaporate. They
also demonstrated that in these nitrate esters a general trend towards improved
thermal stability was the placement of nitromethyl groups (-CH,—ONO,) at tertiary
carbons, followed by nitro groups (-NO,), and lastly methyl groups (-CHs).

Another plasticizer that has garnered some interest over the past few years is
Dinitro-diaza-alkane (DNDA 57). This is a mixture of three linear nitramines,
2,4-dinitro-2,4-diazapentane (DNDA-5), 2.4-dinitro-2,4-diazahexane (DNDA-6),
and 3,5-dinitro-3,5-diazaheptane (DNDA-7). Propellants that utilize it have
exhibited the ability to have flat temperature profiles [40]. Traditionally, propellants
exhibit lower muzzle energies at colder temperatures. Thusly, at cold temperatures,
muzzle velocity and range in gun systems is reduced. A good deal of effort has been
placed in improving cold temperature performance especially via plasticizers.
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Fig. 5 Series of Nitroesters examined by Yan for thermal stability/structural relationships

The three components of DNDA 57 were individually synthesized and their
fragmentation patterns determined by gas chromatography coupled with mass
spectrometry in both electron impact and chemical ionization modes. They were
shown to all fragment in the same pattern with the first fragment forming via
cleavage between the two nitramine groups. The DNDA mixture was demonstrated
to have excellent small scale sensitivity properties with an impact sensitivity of
170 cm (RDX is 42 cm), and a frictional sensitivity of 36 kg (RDX is 16 kg).
Furthermore, through analysis of viscosity, it was demonstrated that for the ener-
getic binder poly glycidyl nitrate, DNDA 57 is a significantly better plasticizer than
BDNPAV/F [41]. BDNPA/F as discussed previously is a good plasticizer but is very
difficult to produce at large scales. DNDA 57 is much easier to produce at large
scales.

T02 T02 T02 T02 T02 NO,
N N N N N N
DNDA 5 DNDA 6 DNDA7

Recently, energetic plasticizers containing azide functional groups have been
synthesized and examined. Propellants containing bis[2-azido-1-(azidomethyl)
ethyllmalonate (AMEM) and bis[2-azido-1-(azidomethyl)ethyl]glutarate (AMEG)
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plasticizers were produced and exhibited good ballistic properties [42]. Another
azido plasticizer, 1,3-diazido-2-ethyl-2-nitropropane (AENP), was synthesized in
three steps from nitropropane. This plasticizer had an energy output of around
2000 J/g, a low glass transition temperature of —96.8° C, and significantly lowered
the viscosities of the formulations during processing with azido binders such as
GAP, BAMMO, and polyNIMMO thereby producing homogeneous mixtures [43].
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Two other promising azido plasticizers, 1,3-Bis (azido acetoxy)-2-azido acetoxy
methyl-2-ethyl propane (TAAMP) and 1,3-Bis (azido acetoxy)-2,2-bis(azido
methyl) propane (BABAMP), were thoroughly evaluated in small quantities [44].
Both of these plasticizers were demonstrated to be quite insensitive towards impact
and friction stimuli, yet were quite energetic. However, when these plasticizers
were incorporated into a propellant at small percentages (1-2%), there was a slight
worsening of the overall propellants response towards impact and friction stimuli.
This was not surprising, since these energetic plasticizers were used to replace an
inert plasticizer, dibutyl phthalate, thus making the overall formulation more
energetic. The AH; of TAAMP and BABAMP were —157.5 kJ/mol and
605.6 kJ/mol, respectively. The very high and positive AH; of BABAMP makes it
an attractive plasticizer for high energy propellant formulations and warrants further
examination of their effects on mechanical properties and cold temperature
performance.
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4.4 Energetic Fillers

Another common procedure when formulating propellants is to add a solid ener-
getic filler to double base propellants. Thusly, propellants containing a binder
(traditionally NC), plasticizer (traditionally NG), and an energetic filler (tradition-
ally nitroguanidine) are called triple base propellants. Nitroguanidine is an energetic
molecule that acts as a flame temperature reducer. Flame temperature reduction is
necessary for large caliber applications in order to reduce barrel erosion, since
higher flame temperatures have been demonstrated to be one of the primary con-
tributors to gun barrel erosion. Thusly, most triple base propellants are for large
caliber applications and are currently in use in the modular artillery charge system.

Solid fillers have also been incorporated into double base propellants in order to
boost the ballistic energy of propellant formulations. High energy nitramines such as
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) have been added to propellants as fillers in order to
eliminate dependence on NG for the energy boost owing to NGs stability and
migratory issues. In comparison to other fillers examined, such as nitro and azido
derivatives, the nitramines possess a higher density, better thermal stability, and
positive heats of formation. In the case of HMX as a filler, it has been demonstrated
that below 10 MPa, the burning rate of the propellant is controlled by the binder or by
binder-nitramine interactions, rather than by the burning rates of HMX itself, but its
cost makes it prohibitive to use in gun propellants [45]. RDX has been employed
extensively in developmental gun propellants, but its toxicity is an issue [46].

Since these energetic materials are solids, and their incorporation into propellant
formulations generally involves the use of solvents in which they are insoluble, their
morphology is critical for processability and sensitivity. It has been demonstrated that
spherical particles fare better than their non-spherical variants by orders of magnitude
in sensitivity tests such as impact and friction. In the case of HMX, it was recently
demonstrated that smaller particle sizes lead to improved thermal conductivity,
reducing the likelihood hot spot formation, and the resultant sensitivity towards
mechanical stimuli such as impact and friction [47]. Attaining the proper morphology
of these energetic fillers is critical. Recently, spherical 3-nitro-1,2,4-triazol-5-one
(NTO) was produced via crystallization in a variety of particle sizes. It was
demonstrated that the particle size was controllable via modification of the cooling
and stir rates of the solution (water: N-methyl-2-pyrolidone) [48].

Recently, two nitrate ester solid fillers, erythritol tetranitrate (ETN) and
1,4-dinitrato-2,3-dinitro-2,3bis(nitratomethylene) butane (DNTN), were synthe-
sized and analyzed as shown in Table 3 [49]. It was demonstrated that in com-
parison to PETN the materials have a more positive oxygen balance and higher
heats of formation. However, the heats of formation are less than that of RDX. One
other barrier to their use as gun propellant ingredients are the low melting point
temperatures of ETN and DNTN. It would appear that based on their oxygen
balances and heats of formation, ETN and DNTN are better solid energetic fillers
than PETN, but not RDX.
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Table 3 Comparison of nitrate ester fillers to RDX
Structure O:NO QN0 NO; 0 o
o0 NG, NS N
\GNG O4NO o o o T
4 N ONO; ) T
ONO, 1 .
NO, s L,
Name ETN DNTN PETN RDX
Molecular C4HeN,O;, CgHsNgO16 CsHgN4O 2 C3HgN6Og
Formula
AH; —474.8 -371 —538.48 =70
(KJ/mol)
m.p. (°C) 61 85-86 143 204
MW 302.11 420.16 316.14 222.11
OBco, 5.9 0 -10.12 -21.61
OBco 26.48 22.85 15.18 0

4.4.1 High Nitrogen Content (HNC) Energetic Materials
and Polynitrogen

High nitrogen content (HNC) materials were designed to contain many nitrogen
atoms bonded to one another via single and double bonds. The bond energy of a
N-N single bond is 38 kcal/mol, N-N double bond is 100 kcal/mol, and the N-N
triple bond is 226 kcal/mol. Therefore, during combustion, nitrogen wants to form
triply bonded nitrogen. Because of this drastic increase in bond energy, HNCs
release a lot of energy during combustion owing to their large positive AHy.

One of the first HNC compounds was 3-nitro-1,2,4-triazole-5-one (NTO). It was
synthesized in 1905, but its demonstration as an energetic material came 80 years
later [50]. This molecule had only two carbons. It was demonstrated that NTO had
very low shock sensitivity, but good explosive properties. Later HNCs would
utilize nitrogen rich heterocycles as their building blocks in order to reduce the
amount of hydrogen present. Tetrazoles, such as triaminoguanidinium azotetrazo-
late (TAGZT), are materials with a lot of energy, and few carbon atoms [51].
TAGZzT has been demonstrated to increase the burning rates of a variety of gun
propellants especially those containing RDX over a wide pressure range [52]. This
was achieved due to the exothermic decomposition of the azotetrazolate in the foam
layer, and from fast gas-phase reactions between triaminoguanidine decomposition
products, such as hydrazine, interacting with the decomposition products of the
RDX [53].

Tetrazole was utilized extensively because of how easy it was to synthesize via
click chemistry. In these reactions organic azides are readily reacted with organic
cyanides in the presence of a copper catalyst to generate tetrazoles in excellent yields
and at low temperatures [54]. Tetrazines have also been coupled to tetrazoles as in the
case of 3,6-bis(1H-1,2,3,4-tetrazol-5-amino)-s-tetrazine (BTATz). It has been
demonstrated that in the case of hydroxylammonium 3-dinitromethanide-1,2,4-
triazolone, which is the salt readily prepared from 3-dinitromethyl-1,2,4-triazolone as
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in scheme 2, m-stacking and extensive hydrogen bonding leads to reduced friction
and impact sensitivities even in relation to the uncharged starting material [55].
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Recent work on the mechanism of combustion involving triaminoguanidinium
(TAG) nitrate has demonstrated that TAG acts as an additional heat source for the
rest of the propellant owing to its lower thermal stability in comparison to other
propellant fillers that are usually present such as ammonium nitrate, and RDX.
Kinetic data also demonstrated that the heat generation of TAG combustion is
kinetically faster than the heat generation from the combustion of AN or RDX [56].
Basically, TAG compounds burn faster and release more heat which in turn allows
other materials such as AN and RDX to combust.

Recently, the effects of the aminoguanidinium counter-cation were examined for
their effects on burn rate. Three tetranitrobiimidazolate salts were prepared con-
taining monoamino (aTNBA), diamino (dTNBA), and triamino (tTNBA) guani-
dinium counter cations [57]. They demonstrated in a strand burner at pressures from
0.2 to 8.6 MPa, that as the guanidinium becomes more functionalized with amino
groups, the burn rate increases while the pressure exponent decreases, allowing
propellant designers to tailor their burn rates by simply choosing which
aminoguanidine to incorporate. This occurs because the density of the material
remains relatively unchanged, but the energy of the molecules increase as the
degree of amino substitutions increase. Thus the molecules became more energetic
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per unit density and are able to produce more gas. Recently, two tetranitrobiimi-
dazolate salts containining diammonium and bishydrazinium counter cations were
synthesized. They exhibited high densities, positive heats of formation, and were
fairly insensitive towards impact and friction [58].
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Other counter cations recently examined include 5-aminotetrazolium (ATZ) and
2.4,6-triamino-s-triazinium (TATZ). Both compounds are significantly less sensi-
tive than RDX and neither is capable of detonating due to shock. However, TAGzT
has been detonated under similar conditions. The only drawback is that the TATZ
does exhibit some electrical sensitivity [59].
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Similarly, the energetic salts of 5-oxotetrazole (OTz), were examined for their
properties with various counter cations [60]. Traditionally, oxotetrazole derivatives
have provided significant energy content, but their sensitivities are very high. As
shown in Table 4, a series of guanidine salts and short amines were examined. There is
a trend in the first group consisting of guanidinium-5-oxotetrazolate (gOTz),
aminoguanidinium-5-oxotetrazolate (agOTz), diaminoguanidinium-5-oxotetrazolate
(dgOTz), and triaminoguanidinium-5-oxotetrazolate (tgOTz), that as the
counter-cation increases in size by the addition of amine groups the OB becomes less
negative, the heat of formation becomes significantly more positive, and the melting
point of the materials increase. All of the salts in this group are insensitive towards
impact, friction, electrostatic discharge (ESD), with the exception of tgOTz. This data
contradicts the general trend in terms of melting point and sensitivities of energetic
molecules, which may be due to the addition of another amine moiety to the cation not
contributing to an increase in hydrogen bonding with the OTz as evidenced by the
crystal structures of the salts. The second group consisting of short amine
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counter-cations included ammonium-5-oxotetrazolate (aOTz), hydrazinium-5-
oxotetrazolate (hOTz), and hydroxylammonium-5-oxotetrazolate-NH30 (haOTz)
also exhibited a similar trend regarding the addition of amine moieties to the
counter-cation. An identical study examining the guanidinium, aminoguanidinium,
and hydroxylammonium salts of 2-nitrimino-5,6-dinitrobenzimidazole was per-
formed and demonstrated similar trends and magnitudes of heats of formation [61].

Guanylurea dinitramide (GUDN or FOX-12) has been known for several years
to be an excellent energetic filler for gun propellants owing to its low impact
sensitivity, low frictional sensitivity, high thermal stability, and low flame tem-
perature [62]. A hindrance to its utilization in gun propellants has been its high cost.
To alleviate this, the yield of the final step in the synthesis of FOX-12 was recently
optimized to 50% by lowering the reaction temperature to —40 °C and utilizing a
nitrating mixture consisting of concentrated H,SO4/HNOj at a 1:3 ratio as shown in
Scheme 3 [63].

4.4.2 Nanomaterials

By controlling the size and morphology of energetic materials, the sensitivity and
burn rates of formulations can be significantly enhanced. Nanomaterials promise to
do this. Since nanoparticles have a much larger surface area available for
deflagration than do their micron sized counterparts, it is evident that they provide a
substantial increase in propellant burn rate. Sensitivity in micron sized materials is
due in large part to defects in the crystalline structures that lead to hot spot for-
mation during stress. Nanoparticles have fewer of these defects and are thus less
sensitive [64]. However, the validity of certain energetic sensitivity tests such as the
BAM friction test has been called into question owing to the experimental setup
utilizing sandpaper with micron sized grooves into which the nanometer sized
particles can be pushed into during friction tests, thus avoiding the full effect of the
frictional forces being applied, and under estimating their true frictional sensitivity
[65]. Nano RDX and ammonium nitrate powders pressed pellets were shown to
burn faster at elevated pressures than samples made of micrometer-sized particles
[66]. It has been shown that thermodynamic properties are dependent upon particle
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size. As the surface area-to-volume ratio of a particle increases, the particle melting
temperature, heat capacity and thermal stability can decrease [67].

RDX, HMX, and CL-20 patrticles have been produced at the nanometer scales by
various methods, including ball milling [68], the rapid expansion of supercritical
solutions (RESS) [69], the sol-gel method [70], and solvent-nonsolvent recrystal-
lization [71]. Each of these technique produces nanoparticles, but of varying sizes,
thus making comparisons difficult between them since it has been demonstrated that
a 200 nm particle is significantly more susceptible to impact threats, than the larger
500 nm particle when both were prepared by the RESS method [72]. The type of
methodology employed to make the nanoparticles is also important towards their
sensitivity. When nanoRDX was prepared via milling it had an impact sensitivity
height of 54 cm, while RESS prepared nanoRDX had an impact height of 75 cm.
Raw micron sized RDX had an impact height of 23 cm [73].

Many nanomaterials that are formed, are quite susceptible to agglomeration
owing to their increased surface area. One methodology to prevent agglomeration,
similar to passivation of metallic nano-particles, is to coat or embed the
nano-particles. One group used RESS produced nano-particles and coated them
with several polymers. These polymers prevented the agglomeration of the
nanoparticles immediately after their formation, and for a year afterwards. This
produced very small RDX particles with an average size of 30 nm [74]. Similarly,
spray drying produced micron sized particles with nanoRDX dispersed in a poly-
meric matrix [75].

One recent effort utilized solvent-nonslovent recrystallization with the ionic
liquid 1-hexyl-3-methyl-imidazolium bromide as the solvent for nanoHMX for-
mation. They were able to produce spherical and polyhedral particles ranging from
40 to 140 nm in diameter. X-ray diffraction demonstrated that the HMX is in the
beta form just like micron sized HMX. The impact sensitivity of the nanoHMX was
dramatically increased from an average of 21 to 47 cm drop height. Differential
scanning calorimetry (DSC) at heating rates of 5, 10 and 20 °C/min permitted the
calculation of the activation energy (E,) for thermal decomposition of the HMX.
This demonstrated that the nanoHMX had a 50 kJ/mol lower E, than the micron
sized HMX [76], indicating that the nanoHMX is more susceptible to thermal
threats than micron sized HMX. This is readily explained by nanoparticles having a
significantly higher surface area and smaller size than micron sized particle, per-
mitting the nano-particles to absorb heat more rapidly and disperse it throughout
their bulk.

NC was also produced as nano-sized spheres by dissolving the NC in a dimethyl
formamide solvent at a concentration below 30 mg/mL. Evaporating the solvent at
5 °C produced spheres of NC that ranged from 200 to 900 nm. These particles
exhibited a 350% increase in burn rate and a more complete combustion than
micron sized particles prepared in a similar manner [77].

Current efforts are also focused on scaling up the production of these
nano-materials. Spray drying of RDX has been quite effective at this. RDX
nanoparticles are produced inside a polymeric matrix [78]. It has been demonstrated



50 E. Rozumov

that for RDX, as the particle size distribution decreases, so does its sensitivity to
impact stresses [79]. Spray drying has also been employed to form nanocomposite
materials from HMX and estane, a polyurethane binder. It was demonstrated that
the activation energy of the material improved by 40 kJ/mol, and the average drop
height sensitivity was raised by 57 cm in an ERL type 12 apparatus in comparison
to raw HMX [80].

4.4.3 Co-crystalization

Co crystallization is a new approach to producing energetic materials. This tech-
nology also allows the manipulation of the materials density, thermal stability, and
mechanical properties. In this case, a known energetic molecule is crystallized with
another energetic or inert molecule. Crystal packing is achieved through
non-covalent interactions between the two molecules. This is governed by
H-bonding, m—m interactions of aromatic rings, and electrostatic interactions.
Hydrogen bonding in energetic materials occurs primarily through the nitro groups as
shown in Fig. 6. It has also been demonstrated that nitro groups can rotate out of
plane and interact with the delocalized electron cloud of an aromatic ring to form a
nitro—7 interaction, which have a stabilizing energy between 10 and 52 kJ/mol [81].
This stabilization energy had a direct relationship to the molecules impact sensitivity
[82]. The lack of variety in nitro containing energetic molecules to form inter-
molecular interactions provides some difficulty for engineering energetic co-crystals.
Co-crystals should exhibit properties, such as density, energy content, and sensitivity
that are quite different than if the two molecules were just blended together in a mixer.

One of the first directed co-crystallization efforts involved the co-crystallization of
2.4.6-trinitrotoluene (TNT) with various inert ingredients. In this case, density and
thermal stability of several of the co-crystals were improved, but the use of inert materials
did substantially lower the energy content over neat TNT [83]. Furthermore,
co-crystallization in these cases involved mt-stacking as the primary synthon, which would
not be applicable to some of the more conventional high energy materials commonly used
in propellants which are not aromatic. Similarly, 2,4,6,8,10,12-hexanitro-2,4,6,8,10,
12-hexaazaisowurtzitane (CL-20) was co-crystallized with inert materials but suffered the
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same drawbacks as the TNT effort described above [84]. CL-20 is a known powerful
explosive, but has shown some promise as a triple base propellant ingredient. One of its
main drawbacks, has been its very high frictional sensitivity [85]. If its sensitivity can be
controlled through co-crystallization without a significant sacrifice in energy content, this
material could significantly boost propellant output. Recently, porphyrins were
co-crystallized with PETN, another explosive compound, from acetone. This was done in
order to reduce the sublimation of PETN and improve its stability [86]. HMX was
co-crystallized with N-methyl-2-pyrrolidone via a solution evaporation methodology, but
other than structural and computational data, no direct information regarding performance
or sensitivity was provided [87].

O2N NO; O2N\N N/NO2
ON__ ) (_No;
N/‘ \‘N
on” o,
NO,
TNT CL-20

The co-crystallization of two energetic materials has also been achieved. TNT
has been crystallized with (CL-20) at a 1:1 molar ratio. It was believed that through
co-crystallization with another energetic material, the sensitivity properties of
CL-20 could be improved without a significant drop in the materials energy content
as seen in the cases where CL-20 was co-crystallized with other inert ingredients.
Co-crystallization in this case occurred through hydrogen bonding of the nitro
groups and aliphatic hydrogens on both molecules. One interesting result was the
interaction of several CL-20 nitro groups with the electron deficient ring of TNT,
mimicking the nitro—n-interactions observed in other crystals. This CL-20/TNT
co-crystal exhibited a density just below that of pure CL-20, but significantly higher
than that of TNT. The impact sensitivity based on drop height of an almost 3 kg
weight for the CL-20/TNT co-crystal was double that of pure ¢CL-20. It was
demonstrated that upon heating of the co-crystal to above 136 °C, the two com-
ponents separate and upon cooling do not co-crystallize again [88].

A co-crystal consisting of 2CL-20 moieties and 1 HMX moiety was produced
and found to be substantially less sensitive to impact than CL-20 but significantly
more brisant than HMX [89]. In a follow on study using the same crystals but
prepared via resonant acoustic mixing, it was demonstrated that these crystals were
actually more sensitive in an ERL impact test than ¢CL-20 and just as sensitive in a
BAM friction test [90].
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A co-crystal of HMX (80%) and TNT (20%) was produced via spray drying. It
was demonstrated to be different from the raw materials via scanning electron
microscopy, by which the co-crystal had a completely different morphology from
either of the individual crystals. X-ray Diffraction demonstrated that it was a unique
crystal structure containing both HMX and TNT. Raman spectroscopy demon-
strated that the intermolecular interaction is a hydrogen bond between the nitro
group of HMX and the hydrogen from the methyl moiety of TNT. DSC confirmed
that the co-crystal was different from both a spray dried HMX, raw HMX, raw
TNT, and an intimate mixture of HMX and TNT. Impact sensitivity of the
co-crystal was shown to be 62.1 cm, while the intimate mixture of the two ingre-
dients was at 31.3 cm, thus indicating that co-crystallization could indeed improve
the sensitivity of these materials [91].

A variation of co-crystallization was utilized by Jung in which they employed
HMX as a seed for crystallization of NTO. They demonstrated that they were able
to generate core-shell particles in which the highly energetic HMX was surrounded
by the less sensitive energetic NTO [92]. Similarly, CL-20 was coated with
1,3,5-triamino-2,4,6-trinitrobenzene (TATB) using 2% by weight of an estane
polymer as a glue, and the entire CL-20 surface was covered with TATB. The shell
thickness varied from 3 to 10 um, and the material exhibited significantly improved
sensitivities towards friction and impact stimuli over the pure and mixed materials
[93].

In a surprising turn of events, Qui et al. [94] were able to synthesize nanopar-
ticles of a CL-20/HMX co-crystal. They employed an aqueous bead milling tech-
nique on stoichiometric amounts of CL-20 and HMX crystals. After about 1 h, all
of the individual crystals of HMX and CL-20 had become co-crystals as confirmed
by x-ray diffraction with particles sizes less than 200 nm as confirmed by scanning
electron microscopy. Unfortunately, no sensitivity or performance data on these
co-crystals have been presented as of yet.

5 Low Weight Percentage Additives

Organic and inorganic ingredients can be added to propellants in small quantities
(<4%) for various desired effects. These additives include stabilizers, flash sup-
pressants, opacifiers, burn rate modifiers (e.g. deterrents), and lubricants. In fielded
propellant formulations, there may be several additives. For instance, various
potassium salts may be present to mitigate flash, and dibutyl phthalate may also be
present as a deterrent to control the propellant’s burn rate. These low weight per-
centage additives can be present as either solids or liquids.

If a propellant contains an energetic material with a nitroester bond, then some
kind of stabilizers will need to be present. Nitroester bonds, as discussed previ-
ously, are very labile with a dissociation energy of the N-O bond being only
150 kcal/mol. Because of this, they undergo spontaneous homolytic cleavage
during long term storage. The resulting radicals further damage the remaining
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energetic materials via auto-catalytic degradation which in turn causes self-heating
and can eventually lead to detonation. Stabilizers such as ethyl centralite,
diphenylamine, and akardite II react with the various nitro radicals that are pro-
duced during long term storage of nitroester containing energetics thus prolonging
the propellant’s shelf-life. A recent study demonstrated that the relative humidity
plays a critical role in stabilizer depletion due to aging, with higher humidities
causing less depletion of the stabilizers N-methyl-4-nitroaniline and
2-Nitro-diphenylamine [95]. By employing DSC to calculate the activation energies
of decomposition of NC films containing varying amounts of diphenylamine sta-
bilizer, the optimal amount of stabilizer can be determined [96]. Recently,
researchers combined computational modeling with experimental evidence to
demonstrate that for a series of structurally similar malonanilides as the
HOMO-LUMO gap decreases, the stability effect increases [97]. Further study is
needed to compare this trend to non-similar structures to determine if it could be a
stabilizer design tool.

Recently, the zeolite Clinoptilolite was demonstrated to exhibit stabilizing
properties in double base propellants (59% NC:31% NG). According to the
Bergmann—1Junk test and bomb calorimetry, a sample containing 4.0% by weight of
the nano-Clinoptilolite (prepared by mechanical grinding of the micron sized sam-
ple) exhibited significantly better performance as a stabilizer than did the centralite
present at 3.0% by weight. This stabilization effect is presumed to occur by the
attraction of the NO, to the cationic surface groups on the zeolite. Furthermore,
atomic force microscopy of the propellant grain surfaces revealed that the
nano-Clinoptilolite containing grains were more homogeneous on their surface [98].

A unique study was recently published wherein three identical propellants were
analyzed by DSC to determine their service life. Each double base propellant was
identical and utilized methylcentralite (MC) as a stabilizer and dibutylphthalate
(DBP) as a surface burn rate modifier (deterrent). The only difference between the
propellants was that one was recently produced, one had been in storage for
15 years, and one had been in storage for 25 years. After an exhaustive DSC
analysis of the various thermodynamic properties of each propellant it was
demonstrated that the unaged propellant after undergoing simulated aging at
65.6 °C for 60 days was identical thermodynamically to the 25 year naturally aged
propellant [99]. When they examined the compositions of these propellants they
demonstrated that the stabilizer does decrease from 3 to 2.4% during natural aging,
but drops to 2.2% during accelerated aging, further indicating that in terms of
stabilizer content, accelerated aging is a valid technique for estimating safe
shelf-life of a propellant. They also demonstrated that during natural aging, the
DBP concentration can drop from 4.9 to 4.0% over 25 years, while accelerated
aging for 120 days further decreased the DBP concentration to 3.1%. Similarly,
during natural aging, the NG content decreased minimally (around 1%), but under
accelerated aging, the NG content diminished by roughly 6%. This loss of plasti-
cizers during natural aging will worsen the mechanical properties, which would be
further exacerbated by accelerated aging. This was confirmed by dynamic
mechanical analysis (DMA), which demonstrated that the T, increased from —27 to
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—18 °C during natural aging. Accelerated aging produced the opposite trend.
Surprisingly, accelerated aging of the fresh propellant first raised the T, of the
propellant, owing to the evaporation of the plasticizers from the propellant, but after
30 days it began to decrease, most probably due to NC chain scission [100].

Carbonaceous materials are extensively used in propellants as opacifiers and
flame suppressants. Graphite is used as a surface glaze which reduces the frictional
coefficient of propellant grains thus allowing the grains to pack more efficiently in a
cartridge and have a higher loading density. But other forms of carbon have other
unique effects and properties. When [60] fullerene, a soccer ball-like structure
composed of benzene and pentacene substructures, was mixed with HMX at just
1% by weight, the impact sensitivity was improved by 40%, while the friction
sensitivity was improved by 30% [101]. This may be due to fullerenes ability to
rotate even in the solid state, thus acting like ball bearings in the material and
allowing the HMX to slide as if it was lubricated [102]. Carbon nanotubes have also
demonstrated their ability to desensitize HMX [103]. More recently, graphene and
HMX were shown through molecular modeling to be more stable as a composite
material [104].

One of the more unique procedures has been the attempts to encapsulate
energetic materials inside of carbon nanotubes. Density Functional
Theorem (DFT) modelling by Abou-Rachid’s group demonstrated for a variety of
energetic materials, that there is a significant stabilizing effect experienced by the
energetics within the interior cavity of the nanotube [104]. One group, successfully
filled carbon nanotubes with potassium nitrate, as evidenced by DSC, and TEM, via
wet chemistry methods, and employed them as a nanoinitiator [105]. One important
aspect to consider when employing carbon encapsulation as a means of energy
partitioning is that you are severely lowering the oxygen balance of your energetic
material since you are adding a lot of carbons to the material.

An interesting variant of graphene, is graphene oxide (GrOx). GrOx is prepared
under harsh oxidizing conditions using potassium permanganate and sulfuric acid
[106]. GrOx is thermally unstable and undergoes a strong exothermic degradation
reaction upon heating [107]. It was recently demonstrated via non-isothermal DSC
that that when GrOx was coated onto the surface of HMX crystals at 2% by weight,
the activation energy for the decomposition reaction increased by 23.5 kJ/mol.
Furthermore, the impact and friction sensitivities were improved by 90 and 70%
respectively [108]. It is apparent that the HMX and GrOx synergistically assist one
another similar to the way NC and NG mixtures become less sensitive but more
energetic.

6 Propellant Formulation Modeling and Design

Before proceeding to the laboratory and starting propellant formulation develop-
ment, with all of the ingredients discussed so far, some modeling is first required.
There are various proprietary thermodynamic codes (TIGER [109], BLAKE [110],
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CHEETAH [111], EXPLOS, [112] ZNWNI [113], THERMO [114]) currently in
use that in essence provide the same information. They utilize the properties of
molecules such as heat of formation, molecular formula, and density to provide the
propellant developer with some useful initial information on the potential perfor-
mance of the proposed propellant formulation. Most of these codes provide the
impetus, which is the energy of the propellant also known as the propellant force,
and the adiabatic flame temperature (T,) of the propellant at constant volume. In
these ideal cases, the impetus is the ability of the propellant to do work on a
projectile [115]. Table 5 provides the BLAKE output of an M1 propellant con-
sisting of 83.11% nitrocellulose, 9.77% dinitrotoluene, 4.89% dibutylphthalate,
0.98% diphenylamine, 0.5% water, and 0.75% ethanol [116]. In this case the
loading density was varied from 0.2 to 0.3 g/cc. As the loading density increased
the T, increased slightly, while the pressure almost doubled. However, the impetus
and the molecular weights of the gasses remained relatively unchanged. These
predictions allow for the propellant developer to optimize a formulation before
initial processing.

These thermodynamic codes also provide the concentrations of a variety of the
combustion products as shown in Table 6. From the combustion products one can
immediately approximate how erosive the propellant will be based on the ratios of
N, H,, and CO gasses coupled with the flame temperature. Certain gasses such as
N, will form a protective coating of iron nitride with the gun barrel steel, while
others such as H, and CO are known to react with the metals present, thus hastening
the erosion by forming iron carbide [117]. There is a low activation energy for the

Table S Blake Output of M1 propellant

Loading density T, Pressure Impetus Mol. Wt. gas Co-vol
(gfee) (K) (MPa) J/g) (g/mol) (cclg)
0.20 2447  |236.0 919.2 22.138 1.105
0.25 2454 | 314.5 919.7 22.188 1.077
0.30 2462 4024 919.9 22.254 1.048
Table 6 Gaseous output of M1 propellant

Loading density (g/cc) 0.2 0.25 0.3

COy, 22.94 22.88 22.79

Hy ) 9.25 9.11 8.93
H>O(, 6.09 6.13 6.17

Nog) 443 4.41 4.4

COy(e) 2.32 2.33 2.35

NHj ) 0.045 0.062 0.081
HCN(,, 0.029 0.042 0.058
CHye) 0.041 0.073 0.12

All values are in moles of gas per kilogram of propellant



56 E. Rozumov

dissociation of carbon monoxide on gun steel. Then hydrogen gas present in the
propellants combustion products reacts with the oxygen to form water while the
carbon diffuses into the gun steel, resulting in surface carburization and a lowering
of the melting temperature by several hundred degrees [118]. The presence of a lot
of nitrogen gas, especially when using HNC propellant ingredients nitrides the gun
steel. This nitride coating prevents the carbon monoxide from reacting with the gun
steel, thus reducing erosion [119]. Therefore, a propellant with low amounts of
hydrogen and a high N,:CO ratio is desirable [120].

A recent study determined that these codes tend to under-predict the concen-
trations of certain toxic gasses such as HCN and NHj [121]. In a series of 9MM
firings with different propellants it was demonstrated that the concentrations of
HCN and NH3 were found to be orders of magnitude higher than predicted by
EXPLOS, when compared to gas analysis performed on the actual gun firings. It
was proposed that this increase may be due to more benign propellants having a
lower flame temperature which leads to more production of NH; and CH,4. These
two gasses can then react in the presence of oxygen to form HCN [122]. Reactive
force field molecular dynamics (ReaxFF-MD) simulations of the individual com-
ponents of the formulation, namely, NC, NG, EC, and DPA demonstrated that the
major sources for these toxic gasses are the aromatic compounds EC and DPA, not
from the nitro groups of NC and NG [123]. As such, these codes may be employed
as a design tool to minimize the production of toxic gasses.

Two triple base formulations containing small amounts of TAAMP or
BABAMP were likewise analyzed using THERMO. The software was able to
predict within 15 J/g the impetus of 5 formulations with varying amounts of
energetic plasticizer as validated by closed vessel testing, thus confirming the utility
of thermodynamic codes in assisting propellant developers to more efficiently
develop propellants [43].

Recently, Son’s group demonstrated through Cheetah 6.0 and experimentally
that 1,4-dinitrato-2,3-dinitro-2,3bis(nitratomethylene) butane (SMX) mixed with
varying amounts of NC can, in terms of impetus, outperform JA2, a benchmark
high performance and insensitive gun propellant [124]. Cheetah demonstrated that
in a binary formulation consisting solely of NC and SMX, at concentrations of
SMX between 35% and 70%, the impetus of the experimental formulation excee-
ded that of JA2. This implied the potential for SMX to be used as an NG
replacement. Surprisingly the addition of 20%DEGDN to the NC/SMX formulation
boosted the impetus by over 20 J/g. Normally, the addition of DEGDN to a high
energy formulation at the expense of a high energy ingredient such as NG, RDX, or
HMX, lowers the impetus, but in this case, the opposite occurred.



Recent Advances in Gun Propellant Development: From Molecules ... 57

7 Processing Effects

Instead of mixing all of the ingredients together in a batch mixer, for safety reasons,
there has been a recent push towards infusing the propellant after they have been
formed into grains. Single base propellant has been infused with NG after it has
been formed into grains and prior to deterring with a polyester. Determination of the
concentration profile demonstrated that infusion with NG produced a gradient
inside the grain with the lowest concentrations of NG being near the surface and
centers of the grain. Their results indicate that the even though the NG was suc-
cessfully infused into the grain, it also easily moved out of the grain near the
surface. This is a common issue with double base propellants containing NG owing
to its high mobility through the NC matrix. They demonstrated that after the
deterring and infusing the propellant grain exhibited progressive burning while the
unaltered base grain was undergoing neutral burning. They also demonstrated that
the infused propellant was of higher energy, and produced less erosion by about
16% at a similar chamber pressure [125].

Infusion of NC was also performed with SMX. It was mixed with NC up to a
concentration of 40% by weight. Crystals were observed to form on the surfaces of
the NC fiber. Subsequent heating above SMX’s melting point (~ 85 °C) caused the
SMX to liquefy and penetrate uniformly into the grains. Using this processing
methodology a propellant was made consisting of 60%NC and 40%SMX which
exhibits impact sensitivity similar to JA2 with a slightly higher friction sensitivity
[124]. The increase in friction sensitivity is understandable because while JA2
contains virtually no solid energetic fillers, in this case the researchers added 40%
by weight of solids to the formulation.

Consolidated propelling charges are prepared by forming a large charge from
smaller propellant grains. In essence, consolidated charges are small propellant
grains glued together to form a larger charge. An example of this would be to form
a cylinder from small ball powder grains. The benefits of a consolidated charge are
the significant increase in the loading density and an inherent progressivity when
the consolidated charges break apart into smaller grains, in a process termed
deconsolidation. Both of these processes lead to improved ballistic performance
[126].

Consolidated charges have been prepared in a variety of ways. In one method,
the propellant grains are compressed inside the cartridge case [127]. Another
process involves the addition of a solvent, such as acetone, to the propellant grains.
Acetone partially solvates the NC causing the grains to swell. These wetted grains
are then compacted into the desired charge shape. One drawback to this method-
ology is that the individual grains do get deformed in the process, altering the
ballistics [128]. Yet another methodology employs the coating of propellant grains
with a thermally curable binder. These grains were then thermally consolidated into
the desired propelling charge shape [129].

Oblate spherical double base propellants plasticized with TEGDN have been
consolidated by a combination of techniques. A gelled NC in acetone was utilized
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as the binder to thermally consolidate the grains. Furthermore, the charge forming
tool was coated with an NC/TiO, mixture, causing the outermost layer of this
consolidated charge to have a deterrent. This combination technique demonstrated
significantly improved mechanical properties in terms of uniaxial compression.
Both stress and strain increased more than twofold before failing. Closed vessel
analysis revealed that the consolidated charge exhibited a two stage combustion
event. First the outer NC/TiO, coating layer burned away followed by deconsoli-
dation of the charge which lead to a drastic jump in dynamic vivacity [130].

Recently, a combination of processing techniques were employed to improve
upon consolidated gun propellants. Researchers prepared seven perforated grains
using foaming and compression molding technologies. Through a series of quen-
ched combustion tests, they were able to demonstrate a marked improvement [131]
over previous consolidated propellants examined [132]. This was achieved by
ensuring that deconsolidation of the propellant grains occurs later in the ballistic
cycle which was a major drawback for previous efforts involving consolidated gun
propellants.

Foaming of propellants increases the porosity of propellants, thusly increasing the
surface area available for combustion which in turn increases the burn rate [133]. One
drawback to this is the reduced density of the propellant. For this reason, foamed
energetic materials have been primarily examined for combustible cartridge case and
case-less ammunition applications. Recently, foaming of a poly-methylmethacrylate
(PMMA)—RDX composite was examined. Foaming was achieved via saturation of
the propellant in a supercritical CO, (scCO,) fluid under high pressure. The CO,
penetrates into the propellant and once the pressure is quickly removed the CO,
evacuates the propellant leaving a porous material. The investigators varied both the
RDX content and expansion ratio, which corresponds to porosity via a supercritical
CO, foaming methodology. They demonstrated that at 55% RDX content the foamed
material was equivalent to the existing felted fiber case technology in terms of force
constants at 450 J/g. The force constants are the energy content of the material. At
higher RDX concentrations (75%) they were able to achieve a force constant of
858 J/g which is getting close to the impetus of certain gun propellants. This is
impressive because they employed an inert binder. If they were able to utilize an
energetic binder the impetus would dramatically improve. They also demonstrated
that as porosity or RDX content increased so did the progressivity of the burning in
closed vessel tests. One surprising result was that foaming temperature played vir-
tually no role in the performance of the materials [134].

Then, Yang and co-workers altered their foaming procedure, by adding a timed
desorption step to their super-critical CO, process. In this case the supercritical CO,
fluid is allowed to escape from the material for a specified amount of time. This
leaves the surface of the propellant with less CO, than the core of the propellant.
Once it is quenched, the CO, gradient that was established forms a material that is
porous on the inside and has a significantly less porous skin on the exterior of the
grain [135].

Foaming of NC has presented a challenge until a recent process was developed,
using supercritical foaming technology which consists of dissolution of gas, cell
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nucleation, cell growth, followed by stabilization of foam structures [136]. The
challenges for NC foaming derive from its high crystallinity. The crystalline regions
of NC prevent penetration of the inert gasses commonly employed such as CO,,
thus preventing pore formation [137].

Another recent study examined foamed NC double base propellant containing
NG or TEGDN as a plasticizer [138]. These researchers were able to control
porosity of the propellant grains and demonstrated via closed vessel testing that as
porosity increased, so did gas generation. Furthermore they demonstrated that the
presence of plasticizers, NG and TEGDN, improved scCO, uptake, and subsequent
porosity increased. Without plasticizers no differences between foamed and
unfoamed propellants were visible during closed vessel testing. Foaming increased
the burn rates significantly. The desorption of CO, from foamed propellants was
fastest for the NG based propellant. TEGDN demonstrated itself to be a better
plasticizer for these foamed propellants. Furthermore, they also prepared samples
with an outer skin and demonstrated via interrupted combustion testing in a closed
vessel that the inner porous cores burn out before the outer skin does [139].

Other studies employed potassium nitrate to generate porosity in single base ball
powder grains. They incorporated the potassium nitrate (KNO3) into the formula-
tion and after formation of the ball powders, they washed the propellant with water.
The water dissolved and removed the KNOj, but left the rest of the propellant
untouched thus generating porous ball powder. The porous ball powders were then
shaped with acetone or ethyl acetate which eliminated the porosity on the surface of
the grains, while leaving the internal porosity intact. This produced ball powders
with a fast burning core. Finally the grains were deterred with the standard dibutyl
phthalate (DBP) or poly(ethylene glycol dimethacrylate) (PEGDMA) [140]. They
demonstrated that the amount of KNO; added, and the conditions of the shaping
greatly affected the combustion characteristics of the ball powders in closed vessel
tests. Furthermore, the PEGDMA was polymerized inside the grain to allow the
monomers to disperse into the grain and form a deterrent gradient and produce more
progressive combustion than the DBP deterred grains.

Another technique that generated porosity in NC utilized titanium nanoparticles
as nucleation sites. Cylindrical propellant grains were made by standard mixing,
and extrusion of NC (11.8-12.4% nitrogen) with titanium nanoparticles (20-40 nm
diameter). The nano-titanium ranged from 5 to 15% by weight. The cylindrical
grains then underwent foaming via immersion in scCO,, and the use of ethyl acetate
to partially dissolve/soften the NC and allow the CO, to better diffuse into the grain.
The titanium acted as nucleation sites for the scCO, generating NC grains that have
some pores filled with nano-titanium. As the concentration of the nano-titanium
increased, agglomeration became more pronounced. Also, standard mixing tech-
niques were shown to inadequately mix the nano-titanium, causing some areas of
the grain to have significantly higher local concentrations of titanium. These
materials were then tested in a closed vessel and their impetus was demonstrated to
decrease with increasing titanium content. However, closed vessel testing also
demonstrated that the foamed propellant with 10% nano-titanium had the highest
burn rate, contradicting the impetus trend observed [13].
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8 Summary

Although the traditional role of gun propellants has remained essentially the same,
the often competing requirements of advanced weapon systems have necessitated a
tremendous amount of effort over past five years, from 2010 to 2015, to develop
new binders, plasticizers, and fillers, into high energy insensitive formulations. The
majority of the binder work has focused on functionalizing cellulose with
non-nitrate ester groups to produce a more stable form of energetic cellulose.
A wide variety of novel plasticizers have been examined that exhibit promise in
making gun propellant formulations less sensitive to shock and thermal stimuli. The
fillers are the broadest category of propellant ingredients, and have had the largest
amount of materials examined. Nano-particles, alternate forms of carbon, and
energetic co-crystals have been tested as gun propellant ingredients that can boost
performance and stability while reducing sensitivity, hygroscopicity, and com-
bustion residue generation. At the propelling charge level, novel techniques such as
foaming and consolidating propellant grains promise to improve gas generation
behind the projectile later in the ballistic cycle, leading to increases in muzzle
energy.

While traditional propellant ingredients consist of a relatively few available and
proven materials, recent discovery and manipulations of new molecules are
allowing the gun propulsion developer to extend the state of the art in propellant
formulations, providing the warfighter with improved capabilities on the battlefield.
In the next five years, continued technical advancements in these new ingredients
and formulations may lead to a paradigm shift in the development of gun
propellants.
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