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This paper studies the ballistic parameters of composite propellants containing bicyclo-HMX (BCHMX) as an
energetic additive. The results were compared with the same composite propellant containing HMX. Based on
the results of Stojan vessel measurement, it was found that the burning rates of BCHMX-containing propellants
are higher compared to most concentrations of HMX in propellants. Increasing the concentration of HMX in
the propellant often leads to a decrease in burning rate, whereas this trend was not observed for higher
concentrations of BCHMX. The pressure exponent of all tested propellants is less than 1, while mostly lower
values were observed for BCHMX propellant samples. Propellants containing BCHMX are also distinguished
by easy ignitability. Using REAL software, it was found that propellants containing BCHMX achieve high

specific impulses. When the BCHMX content is over 30 %, the propellant exceeds the specific impulse values

of the propellant without added BCHMX and of all tested propellants containing HMX.
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time step

ep = Dburning thickness of propellant grain

Ip = specific impulse

P = pressure
pmax = maximal pressure
pz = lgnition pressure

u = bumingrate

LIntroduction
Composite propellantsare composed of a crystalline oxidizer (most often ammonium perchlorate, AP) incorporated
into a hydrocarbon-based polymeric matrix serving as fuel and binder. These high-performance compositions
usually surpass widely used double base propellants. To increase the energetic contenti.e. specific impulse (Ip) ofa
composite propellant, powdered aluminum is added to this mixture, which increases the I;, By increasing the flame
_. Aluminum powder also improves combustion stability and increases density of the propellant resulting

in improved volumetric performance [1-6].

The combustion of AP/containing composite propellant produces a large amount of hydrogen chloride forminga
detectable trail. This unwanted trail can be suppressed by reducing the ammonium perchlorate content in the
propellant, which can be partially replaced by energetic materials, particularly nitramines. Hexogen (1,3,5-trinitro -
1,3,5-triazinane, RDX) and octogen (1,3,5,7-tetranitro-1,3,5,7-tetrazocane, HMX) are most commonly used for this

purpose [1-2].

Bicyclo-HMX (cis-1,3,4,6-tetranitrooctahydroimidazo-[4,5-dJimidazole, BCHMX) is a relatively new energetic
nitramine that was first synthesized in the former USSR in the 1980s and its preparation and application were
confidentialuntil 2010. Compared to RDX and HMX, BCHMX hasa high enthalpy of formation (Table 1)as a result
of'arigid molecularstructure and deformed valence angles. High heat of formation, together with high crystaldensity,

is also reflected in BCHMX s high detonation parameters - thereasons why BCHMX hasbeen suggested for



various types of plastic bonded explosives [7], melt cast compositions with TNT [8-9] and 2,4-dinitroanisole [10] or
asa secondary charge in detonators [11]. A comparison of BCHMX’s properties compared to those of HMX and RDX
is shown in Table 1.

The combustion characteristics of BCHMX have been investigated by Sinditskii, Egorshev and Berezin [12]:
BCHMX burns faster than RDX and HMX and almost as fast as CL-20 (2.,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazatetracyclo[5.5.0.0%!1.05%]dodecane) in pressure range 0.1-36 MPa. Unlike HMX, BCHMX burns in the sub-
atmospheric pressure region. BCHMX also has a higher adiabatic flame temperature (3530 K vs. 3318 K for RDX
and 3295 K for HMX at 10 MPa), a property which is closer to that of CL-20 (3636 K at 10 MPa) [12].

Many of the above mentioned parameters of BCHMX (especially high heat of formation and density, high burning
rate and stable burning at sub-atmospheric pressures) make it very promising for use in propellants. Meanwhile, the
scientific literature only reports the use of BCHMX as a component of single base gun powders. Heat of explosion
and vivacity of the powder increase with increasing BCHMX content (5-20%) which has a positive impact on bullet
velocity [13]. Sensitivity data forcomposite propellants containing BCHMX have been reported recently [14]; a study
of thermal decomposition kinetics for BCHMX/HTPB/MAPO/DOA composition have been published as well
[15-16]. Based on thermochemical calculations and the high energy content of BCHMX, we have adopted the
hypothesis that it could be a suitable energetic additive for composite propellants that should surpass the currently
used RDX or HMX. We focused this study on the burning characteristics of composite propellants containing BCHMX

and compared them with composite propellants based on commonly used HMX.

Table 1 Comparison of nitramine properties [17].

Properties BCHMX beta-HMX RDX
Melting point [°C] 268 dec. 275 dec. 204
Theoretical maximum density [g/cm?] 1.86 1.96 1.82

Enthalpy of formation [kJ/kg] 7012 297b 320P



Calcu}lated detonation velocity [m/s] / density 9050/ 1.86 9169 /191 8855/ 1.82
[¢/em”]

Max. experimentally determined detonation

velocity [m/s] / density [g/cm?] 8650/1.79 9100/1.90 8750/1.76
Calculated detonation pressure [GPa] 37 39 35
Ignition temperature [°C] 214-224 275 204 dec.
Impact sensitivity [J] 2.98 6.37 5.58
Friction sensitivity [N] 88 95 152
Electric spark sensitivity [mJ] 148.7 236.4 216.4

2 Value taken from lit. [12]; P value taken from lit. [18]; ¢ values calculated using the EXPLO5 v6.06.02
thermochemical code [19].

II.Experimental
Two series of propellant samples were prepared. A standard propellant sample, denominatedas Control, was used
to assess the burning rate of the basic propellant composition without any nitramine. Nitramine-modified propellants
were then prepared,containing 10,15,20,25 and 30% of either HMX or BCHMX. The compositions of the composite
propellants in the study are summarized in Table 2. The main variable was the AP to nitramine (BCHMX or HMX)
ratio. Nitramines were alwaysadded to the propellantatthe expense of the original amount of AP. The amount of the

other components remained constant.

Table 2 Propellant composition by wt. %.

AP BCHMX or HMX Al powder HTPB DOS MAPO IPDI Ferrocene
59 10

54 15

49 20

44 25 8 16.5 4.18 0.55 0.77 1

39 30

692 0

aControl sample

A. Materials and method of preparation

The ammonium perchlora te (Bochemie Pley Bohumin Czech Republie) consisted of a tetra-modalmixture of four

particle size fractions: 25% 100-200 pm, 49% 200-300 um, 11.5% 300-400 um and 14.5% of finely ground AP (20-

50 pm). Hydroxyl-terminated poly-butadiene (HTPB) (KAUCUK, Ple. Kialupy nad Vitavou, Czech REpublic) type
R45 was used as the binder, tris(1-(2-methyl)aziridinyl) phosphine oxide (MAPO) (Fiangzhou Yuhao Chemical



Technology Co. Ltd: China) as'abonding'agent, bis(2-ethylhexyl)-sebacate (DOS) (AlfalA€sar) as a plasticizer and
isophorone diisocyanate (IPDI) (Aldfich) as curing agent. Powdered aluminum with'an average particle size of 10/
(Albo Schlenk Ltdy) was used! Ferrocene — (bis("S-cyclopentadienyl)iron) — (Sigma=Aldrich) was used as a burn rate

modifier. Propellant samples in amounts of 150 g were prepared in a custom-made 400 cm3 double-walled glass
reactorheated to 60 °C. All solid components were gradually added to the HTPB in small increments and, aftereach
addition, the mixture was stirred under vacuum. In the case of the nitramine-modified propellants, nitramines were
added to HTPB in the early stage to ensure sufficient coating of sensitive nitramines by HTPB and thus increasing
safety during subsequent mixing. After mixing of all components, the slurry was additionally mixed under vacuum
and the resulting propellant was cast into 3D printed PET molds. Propellant samples were cured ata temperature of

60°C for two weeks.

B. Setup for Stojan Vessel measurements

The dependence of the burning rate on pressure was measured using an SV2 (Stojan Vessel) closed vessel (OZM
Research). ABSW software (OZM Research) was used to evaluate the measurement results, this evaluation is based
on Eq. (1), where ey is unit burning thickness of solid propellant grain, pmqxis maximalpressure in closed bomb, p: is

ignition pressure, dp and dt represent the pressure change as a function of time [20].

u(p) =[eo/ (pmax-pz)] - (dp / dt) (1)

The uncertainty of the pressure measurement is within 0.5% as given by the manufacturer. The weight and dimensions
of used samples were in the range of 55-65 g and 50 mm diameter by 19-22 mm height; exact values were assigned
to samples for each measuring run. The thickness measurement deviation is no more than 0.1 mm. The sample was
left in the 3D printed PET casting mold which was wrappedin three layers of textile tape as insulation. The uneven
surface of the cured propellant sample was cutaway to achieve a flat surface. The propellant sample was ignited using
13 £0.3 gof black powder attached to an iron grid sample holder. A detailed picture of the sample insulation and setup
of iron grid holder with the propellant sample is shown in Figure 1. Minimum of two shots were performed for the
measurement of each composition. The standard deviation was determined by interleaving the data obtained from two

measurements using a power function. The standard deviations of the regression curves from the measured data were



in the 0,17-0,86 mm/s range. The pressure exponent was also determined from the regression function used. The

burning rate and pressure exponent were evaluated over a pressure range of 3-14 MPa.

Fig. 1 Detailed sample of propellant (left) sample on iron grid holder with attached bag of black powder (right).

C. REAL software calculations

Prediction of specific impulse,/flame temperature and calculation of oxygen balance was conducted using software
REAL [21] — a thermodynamics code which is used for computer simulation of chemical equilibrium in complex
chemically-reacting systems. Enthalpies of formation and concentrations of each component were used asinput data.
Standard pressures 7 MPa (chamberpressure) to 0.1 MPa (expansion out of nozzle) were used for calculation. For all

Isp calculations, the Virial equation of state was used.

performed on BAM Friction Apparatus FSA-12(OZM Research). FEST' (Fast and Efficient Sensitivity Testing)
method was used to determine the 50% nitiation probability levels £50 and Fso. More detail in [14].

III. Results and discussion

A. Theoretical calculations using REAL software
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practically linearly! The composition with 50% BCHMX shows the specific impulse 2347 Ns/kg. The specific impulse
of the composition with 50% BCHMX compared to the Controlis 38 Ns/kg higher, corresponding to an increase of
1.65%. This increase of Isp is significant since, evena 1% increase in Iy can increase the range of long-range ballistic

missiles by more than 7% [23].

The behavior of the compositions with HMX is similar, at first, with the increase in HMX content there is a
decrease in specific impulse (HMX content up to 20%) and then an increase in /p. However, this composition does

not achieve the same specific impulse asthe control composition until HMX content exceeds 45%, and even at 50%

HMX the increase in the specific impulse is only negligible.
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BCHMX

Tt

OB % OB % Tt HMX
AP % or I;]MX BCHMX HMX BC[II-I(I;/IX K]
64 5 -55.8 -56.1 2327 2327
59 10 -58.3 -58.8 2326 2321
54 15 -60.8 -61.6 2315 2270
49 20 -63.8 -64.4 2262 2206
44 25 -65.8 -67.2 2200 2149
39 30 -68.4 -69.9 2211 2167
34 35 -70.9 -72.7 2236 2185
29 40 -73.4 -75.5 2261 2204
24 45 -75.9 -78.3 2287 2223
19 50 -78.4 -81.1 2315 2243

*Control propellant: OB: -53,3

%; T1: 2168 K



B. Burning rate measurements
The effect of the concentration of BCHMX and HMX on pressure-burning rate dependency wasinvestigated for
the propellant samples prepared for this study. A graphical representation of the pressure-burning rate dependency for

samples containing BCHMX and HMX is shown in Figures 4 and 5.
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Fig. 4 Burning rate-pressure dependency for BCHMX propellant series.
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Fig. 5 Bumning rate-pressure dependency for HMX propellant series.

The replacement of ammonium perchlorate with nitramine in propellant results in a decrease of burning rate as
described in the literature [24, 25]. This effectis to some extent noticeable for all propellants containing either of the
studied nitramines, especially for samples with a higher content of nitramine. The burning rates of the propellants

containing 10-15% BCHMX (fastest burning samples containing BCHMX) are atthe same level as propellants with



15% of HMX. Samples with higher BCHMX content (20, 25 and 30%) show a lower burning rate with no significant
effect of the BCHMX content on the burning rate of the propellant. In the case of HMX-containing propellants, the
buming rate gradually decreases with increasing nitramine content, an effect thatis more noticeable than for the
BCHMX propellant samples. The highest burning rate was observed for the propellant containing 10% HMX which

is comparable to the Control sample burning rate in the pressure range of 5-9 MPa.

C. Determination of pressure exponents

Pressure exponents in the pressure range of 3-14 MPa were calculated from the experimental data forall the
propellant samples used in the study. The pressure exponent is an important parameter in terms of combustion
stability — low values of pressure exponent (< 1) are desirable for rocket propellants in terms of burning stability and
safety [26]. The pressure exponents for the propellant samples with different nitramine content range between 0.66
and 0.83 for BCHMX and between 0.60 and 0.92 for HMX (compared to 0.83 for the Control sample without
nitramine). A graphical comparison of the calculated pressure exponentsis shown in Figure 6. The pressure exponents
for the propellant containing BCHMX seem to be less dependent on the nitramine contentand overall are lower than

for the Control propellant.
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Fig. 6 Pressure exponents of nitramine series.

D. Ignitability of propellant samples

It was found that the addition of BCHMX to the propellants improves the ignitability. Figures 7 and 8 show the

pressure versus time record for the combustion of propellants containing BCHMX and HMX. An initial pressure step



between 2-3 MPa correspondsto the ignition of 13 g +/- 0.3 g of black powder, while the subsequent gradualpressure
evolution corresponds to the propellant combustion. The easy ignition can be recognized as a smooth and gradual
increase of the pressure evolution, as can be seen in Figure 7 for BCHMX propellants. In the case of HMX
compositions (Figure 8) it is noticeable that the pressure drop corresponds to the time delay between the burn out of

the black powder and the ignition of the HMX propellant sample. It indicates a more difficult ignition of propellant.
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Fig. 7 Pressure development during combustion of BCHMX propellant series in SV2.
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Fig. 8 Pressure development during combustion of HMX propellant series in SV2.
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was prepared by carefully sandpaperingof the cut propellant cube. Plates were prepared by cutting a 2x2x5 mm plate

from the propellant.
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IV.Conclusion

The aim of the study was to compare the ballistic parameters of composite propellants containing various amounts
of BCHMX (cis 1,3.4,6-tetranitrooctahydroimidazo-[4,5-d]imidazole) and HMX (1,3,5,7-tetranitro-1,3,5,7-

tetrazocane).

Sample without nitramine. Higher burning rates were observed especially for higher contents of BCHMX in the



propellants compared to propellants containingthe same amounts of HMX. The pressure exponents forthe propellant
containing BCHMX are lower than for the propellant without nitramine. The BCHMX-containing propellants

exhibited better ignitability compared to the HMX-containing propellants.
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