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Abstract: cis-1,3,4,6-Tetranitrooctahydroimidazo-[4,5 d]imidazole (BCHMX) is 
a new bicyclic nitramine which has been prepared using a two-stage synthetic method.  
In this work, a new melt cast composition based on BCHMX/TNT (60/40 by wt.) was 
prepared.  For comparison purposes, Composition B based on RDX (1,3,5-trinitro-
1,3,5-triazacyclohexane)/TNT (60/40 by wt.), and HMX (1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane)/TNT (60/40 by wt.) were also studied.  Impact and friction 
sensitivities of these compositions and of the individual explosives were determined.  
The detonation velocities were measured experimentally.  The performance of the 
compositions prepared was studied by measuring the brisance using the Kast method.  
The detonation parameters of the compositions and the individual explosives were 
calculated using the EXPLO5 thermodynamic code.  The results show that mixing 
these nitramines with TNT decreases their sensitivities.  BCHMX/TNT is more 
sensitive to impact and friction than Composition B while it has higher detonation 
parameters, at the same level as HMX/TNT.  In comparison, BCHMX/TNT has the 
highest relative brisance of the compositions studied.  It is postulated that the higher 
performance characteristics of BCHMX and compositions based on it, in comparison 
with those of HMX, are due to a higher positive heat of formation for this nitramine.
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1	 Introduction

2,4,6-Trinitrotoluene (TNT) is considered the most available explosive 
throughout the world and it is widely used in the formation of the melt cast 
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explosives used in mortars, grenades, artillery shells, warheads and anti-
personnel mines.  TNT is chemically very stable, is moderately sensitive to 
impact and friction and has a melting point of 80-82 °C, which allows it to be 
melted with the addition of other explosives and poured into artillery shells 
and mines [1].  Composition B is a mixture of 60% RDX (1,3,5-trinitro-
1,3,5-triazacyclohexane) and 40% TNT and is the most generally employed 
explosive composition in mortars and projectiles.  There are several melt cast 
formulations based on TNT which have military and civilian applications, and 
further formulations are in the research stages [2-5].  These current research 
activities are aimed at finding a melt cast composition more powerful than 
Composition B.  cis-1,3,4,6-Tetranitrooctahydroimidazo-[4,5  d]imidazole 
(BCHMX) is a new attractive polycyclic nitramine which has been prepared at 
the Institute of Energetic Materials (IEM), University of Pardubice, using a two-
stage synthetic method [6].  BCHMX has been studied as a plastic explosive 
based on C4, Semtex and acrylate matrices, for which the detonation parameters 
have been determined [7-10].  It has also been investigated as a highly pressed 
plastic bonded explosive using Viton A and Fluorel binders [11, 12].  The effect 
of different polymeric matrices on the sensitivity, performance and detonation 
characteristics of BCHMX has been studied [13-17].  The thermal stability and 
decomposition kinetics of BCHMX bonded by different polymeric matrices 
have been studied using different techniques [18-24] and the low temperature 
thermolytic behaviour has been evaluated using the STABIL method [25, 26].  
In the present work, a melt cast composition based on BCHMX/TNT (60/40 
by wt.) was prepared and studied.  For comparison purposes, Composition B 
and HMX (1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane)/TNT (60/40 by wt.) 
were also investigated.  The impact and friction sensitivities were determined, 
the detonation velocities of the compositions were measured and the detonation 
parameters were calculated by the thermodynamic code EXPLO5.  Performance 
was studied using the brisance test.

2	 Experimental

2.1	 Materials
RDX and HMX were products supplied by Eurenco, Paris, France.  TNT and 
BCHMX were prepared in our laboratories.  BCHMX was prepared by a two-
stage synthetic process according to the Czech patented method [6].  RDX, 
HMX and BCHMX had mean particle sizes of 64, 42 and 18 µm, respectively.  
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2.2	 Preparation of the melt cast explosive compositions
The preparation process was based on melting TNT at 90 °C for 30 min, with 
continuous stirring, followed by addition of the desired weight of the individual 
nitramine.  Stirring of the mixture was continued for 30 min after the complete 
addition of the nitramine to obtain a thoroughly mixed composition.  A part of 
each prepared mixture was poured into PVC (polyvinyl chloride) tubes closed 
at one end, with a diameter of 19 mm and a length of 250 mm.  Three tubes 
containing the explosive compositions were prepared for each composition for 
the experimental measurement of the detonation velocity.  The remainder of 
each mixture was poured into a Teflon mould and left to cool.  In this work, 
the compositions obtained were BCHMX/TNT, HMX/TNT and RDX/TNT 
with 60/40 by wt. in each case and are designated as BC-TNT, HMX-TNT and 
Composition B, respectively.

2.3	 Impact sensitivity measurements
A standard impact tester with exchangeable anvil (Julius Peters [27]) was used 
with a 2 kg drop hammer; the amount of substance tested was 50 mm3.  Probit 
analysis [28] was used to determine the probability levels for initiation.  The 
sensitivity obtained was expressed as the drop energy, Edr, versus percentage of 
initiation.  Only the 50% probability of initiation has been used in this article 
and is reported in Table 1.

2.4	 Friction sensitivity measurements
A BAM friction test apparatus was used to determine the sensitivity to friction 
using the standard test conditions [27].  The sensitivity to friction was determined 
by spreading about 0.01 g of the studied explosive on the surface of the porcelain 
plate in the form of a  thin layer.  Different loads were used to change the 
normal force between the porcelain pistil and the plate.  Sample initiation was 
observed through sound, smoke appearance, or by the characteristic smell of the 
decomposition products.  Using the Probit analysis [28], only the normal force at 
which 50% of initiations occurred is reported in Table 1 as the friction sensitivity.

2.5	 Detonation velocity measurements
The detonation velocity of the compositions prepared was measured by an 
EXPLOMET-FO-2000 produced by KONTINITRO AG.  The compositions 
tested were 19 mm in diameter and 250 mm in length inside PVC cylinders.  
Three optical sensors were placed in each charge, with the first sensor being 
placed at a distance of 50 mm from the booster.  Each of the other two sensors 
was placed at a distance of 80 mm from the previous one.  Charges were set 
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off using a booster charge based on PETN and a detonator No. 8.  For each 
composition, three measurements were performed and the mean value (max. 
±120) for each is reported in Table 2.

Table 1.	 Results of the experimental measurements on the samples studied

No. Code 
designation*

Impact 
sensitivity

[J]

Friction 
sensitivity

[N]

Relative 
brisance
(%TNT)

1 TNT cryst. 39.2** 342 100
2 RDX cryst. 5.6 120 -
3 HMX cryst. 6.4 95 -
4 BCHMX cryst. 3.2 88 -
5 Comp. B 12.1 232 129
6 HMX-TNT 12.5 210 130
7 BC-TNT 10.8 181 133

Note:	*) Each code designation is described in the experimental part under subheading 2.2 
‘Preparation of the melt cast explosive compositions’.

	 **) Data taken from Ref. [29].

2.6	 Performance determination 
Brisance, measured by the Kast method produced by OZM Company, was 
used to determine the relative performance of the prepared compositions [27].  
The deformation of a standard copper crusher (7 mm diameter and 10.5 mm 
high) was used to estimate the brisance of each composition studied.  2 g of 
each composition was cast in an aluminum tube 30 mm high, 12 mm internal 
diameter and 4 mm wall thickness.  The aluminum tube was placed on a solid 
steel cylinder which served as a counter weight for the copper crusher.  The 
charges were initiated by electric detonator.  The deformation (final lengths) of 
the copper crushers was determined and recorded as a relative brisance (with 
respect to TNT as reference sample) in Table 1. 

2.7	 Calculation of detonation parameters
The theoretical detonation characteristics (detonation velocity, D, heat of 
detonation, Q, and detonation pressure, P) of the prepared compositions, as well as 
those of the individual explosives, were calculated by the EXPLO5 code version 4 
[30].  The following BKWN set of parameters was used: α = 0.5, β = 0.186, 
κ = 14.61, Θ = 6620 [30].  The heat of explosion is the heat released in a constant 
volume explosion and is determined by subtracting the heats of formation of the 
explosive (reactants) from the sum of the heats of formation of the detonation 
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gases (products) in the Chapman-Jouguet (CJ) state.  The calculated detonation 
characteristics of all of the explosives studied are reported in Table 2.

Table 2.	 Detonation parameters of the samples studied
Sample Experimental EXPLO5 code

No. Code 
designation

Density,
ρ

[g·cm-3]

Deto-
nation 

velocity 
Dexp

[m·s-1]

Detona-
tion velo-
city calc.  

Dcalc
[m·s-1]

Dcalc-Dexp
Dexp/100

[%]

Deto-
nation 

pressure 
P

[GPa]

Heat of 
detona-

tion
Q 

[kJ·kg-1]
1 TNT 1.60* 6900* 7126 +3.27 19.5 5101
2 RDX 1.80* 8750* 8718 -0.36 32.12 6085
3 HMX 1.90* 9100* 9225 +1.37 38.00 6075
4 BCHMX 1.79** 8650** 8840 +2.19 33.95 6447
5 Comp. B 1.71 7920 8105 +2.33 26.9 5698
6 HMX-TNT 1.74 8112 8203 +1.08 27.8 5673 
7 BC-TNT 1.73 8088 8187 +1.22 28.0 5891

Note:	  *) Data taken from Ref. [32]
	 **) Data taken from Ref. [33]

3	 Results and Discussion

The orders of the impact and friction sensitivities of the explosives investigated 
correspond with the generally accepted theory [12, 13, 34] that an increase in the 
explosive strength (performance) is usually accompanied by an increase in the 
sensitivity, and, therefore, an insensitive explosive will not exhibit a high level 
of explosive strength.  However, it was pointed out by Licht [34] that it is not 
possible to prove this theory − some exceptions exist (it is partially exemplified in 
Figure 1 by the dotted line, taken from a more complex relationship [35]) which 
needs further research and explanation [34, 35].  In the paper [12] it was shown 
that the performance can be expressed as a volume heat of detonation (i.e. by 
a product of the heat of explosion and the corresponding loading density − both 
quantities taken from Table 2).  A relationship between the impact sensitivity 
and the volume heat of detonation of the explosives in this study is presented 
here in Figure 1.  A similar, but linear relationship generally exists in the case of 
friction sensitivity [13].  Therefore, it is not surprising that impact and friction 
sensitivities correlate well in a semi-logarithmic relationship [13, 36], in this 
case presented in Figure 2.



506 A. Elbeih, S. Zeman

Comp. B

RDX

TNT

HMX-TNT
BC-TNT

HMX

BCHMX

y = -0.7255x + 9.6361
R 2  = 0.9888

0

0.5

1

1.5

2

2.5

3

3.5

4

8 8.5 9 9.5 10 10.5 11 11.5 12 12.5

Volume heat of detonation Q. ρ  /MJ m-3

Lo
ga

rit
hm

 o
f i

m
pa

ct
 s

en
si

tiv
ity

 / 
J

Figure 1.	 Semi-logarithmic relationship between impact sensitivity and 
volume heat of explosion; the dotted line indicates exceptions from 
the general rule for a series of highly explosive nitramines (a more 
detailed explanation is given in paper [35]), which is the subject of 
further research [35].
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Figure 2.	 Semi-logarithmic relationship between friction and impact 
sensitivities.  These sensitivities are determined by the nitramine 
sensitivities, and therefore the data for TNT lie outside the 
relationship.  

The difference between initiation by impact (uni-axial compression) and 
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initiation by friction (shear slide with a  fixed volume) is pointed out in the 
theoretical paper by Zhang [37] concerning the influence of the desensitizing 
mechanism of olefins; these admixtures reduce the shear stress of explosives in 
both kinds of initiation because of the reduction in the explosive particle’s degree 
of contact [37].  A relatively soft energetic binder, in our case TNT, operates 
measurably as a lubricant (the area of the nitramine particle’s contact is reduced).

Another approach to the evaluation of the performance for the TNT-
explosives is to compare their relative brisance and calculated detonation 
pressures as presented in Figure 3.  As in Figure 1 (and also data in Table 1), 
it is shown here that BCHMX and its mixture with TNT have higher heats of 
explosion compared with Composition B and HMX-TNT.  This fact was found 
also in the case of plastic bonded explosives (PBXs) using these nitramines [7, 
8, 11-14] and was also confirmed by the relative explosive strengths of these 
PBXs measured using a ballistic mortar [16].  The reason for this finding lies in 
the positive heat of formation of BCHMX being three times greater than that of 
HMX (236.5 kJ·mol-1 against 77.3 kJ·mol-1) [8, 11]; the spatially angular BCHMX 
molecule is sterically crowded [33], which means a  greater energy content.  
However, the armour-piercing effect of shaped explosive charges containing these 
PBXs as the explosive filling, already corresponds to the detonation velocities 
of these explosives [38], i.e. HMX-PBXs are more effective.
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Figure 3.	 Relationship between the calculated detonation pressure and 
relative brisance.

The trends in performance of the explosives in this study can also be shown 
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by comparing the calculated detonation pressures with the products of the square 
of the experimental detonation velocities and the loading densities, as presented 
in Figure  4; these products can be taken as representative of the pressures.  
Figure 4 confirms the compatibility of the calculated results with the experimental 
measurements.  It is clear that the detonation pressure of BC-TNT is in the same 
range as that for HMX-TNT and higher than that for Composition B.
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Figure 4.	 Relationship between calculated detonation pressure and the 
square of the experimental detonation velocity multiplied by the 
loading density.

Figure 5 represents the well-known dependence of detonation velocity 
on loading density.  From Figure 5 it is clear that the detonation velocity of 
BC-TNT is higher than that for Composition B and at the same level as that 
for HMX-TNT.  BCHMX (3% Viton B) appeared to have a lower detonation 
velocity than pure RDX.  Actually it was unsafe to press crystalline BCHMX 
to a high loading density, and as a result we bound and de-sensitized BCHMX 
with 3% Viton B [33].
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Figure 5.	 Relationship between the experimental detonation velocity and the 
loading density of the explosives studied.  

In order to confirm our predictions based on the application of the EXPLO5 
code, a comparison of the calculated detonation velocities with the measured 
ones is presented in Figure 6.  The dotted line in Figure 6 represents the ideal 
correlation of both sets of results.  It is clear that most of the points are shifted 
to the right, which means that the calculated results have slightly higher values 
than the measured ones. 
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Figure 6.	 Relationship between calculated and experimental detonation  
velocities.
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4	 Conclusions

The newly prepared composition based on BCHMX/TNT has sensitivities to 
impact and to friction which are higher than Composition B and lower than all 
of the pure nitramines studied; a semi-logarithmic relationship exists between 
the impact and friction sensitivities of the evaluated nitramine explosives.  
The measured detonation velocity of BCHMX/TNT is higher than that for 
Composition B and in the same range as that for HMX/TNT.  The calculated 
heat of detonation and detonation pressure of BCHMX/TNT are higher than 
those for Composition B and HMX/TNT.  Furthermore, the nitramine explosives 
in this study fall within the general rule concerning the inverse proportionality 
relationship between impact and friction sensitivity, on the one hand, and the 
heat of explosion (generally performance), on the other.  The performance test 
shows that BCHMX/TNT has the highest relative brisance of all of the explosive 
compositions under evaluation.  It is postulated that the higher performance 
characteristics of BCHMX and those compositions based on it, in comparison 
with those of HMX, are due to the positive heat of formation for this nitramine 
being three times greater than that of HMX.  The detonation parameters calculated 
using the EXPLO5 code are compatible with the measured values and confirm 
the relationships of the physics of explosion.
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