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Impact Sensitivity in Respect of the Crystal Lattice Free Volume and the Character-
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Abstract: The relationship between the crystal lattice free volume, AV, and impact sensitivity, Ey,, of ten nitramines has been analyzed. It was found
that this relationship is not uniquely determined, i.e. it is not given only by their own AV values but fundamentally by the type and intensity of the
intermolecular forces in the nitramine crystals. Also, relationships between the E, values, on the one hand, and bulk modulus, K, and shear modu-
lus, G, on the other, have been the subject of discussion not only for pure cyclic nitramines but also for their PBXs, bonded by a poly-fluoro binder.
The closest linear correlation exists between the Eg, values and dimensionless K - G™' ratio which indicates the plasticity range. A similar relationship
is valid also for the AV values. Relationships of the E, and/or AV values with the shear modulus or to the K - G™' ratio reflect an unusual behavior
of e-HNIW to which the published morphological instability of this particular HNIW version might also be related.
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1 Introduction 2 Data Sources

Impact sensitivity may result from a combination of three
fundamental sensitivities''' . molecular, crystalline and envi-
ronmental. The first two of these have been extensively studied
for individual energetic materials (EMs) by means of the NMR
chemical shifts of the key atoms in the reaction centers and by
means of the heats of fusion for such compounds™™’.

Concerning the crystals of organic poly-nitro compounds,
very important facts were obtained™’ and recently verified on
the basis of an X-ray crystallographic study of some polyni-
troarenes'®™®’ and of cis-1,3,4, 6-tetranitrooctahydroimidazo-
[4,5-d] imidazole ( BCHMX)!"!. Particularly in nitramine
crystals, the oxygen atoms of nitro groups, by their dipole-di-
pole interactions, contact the oxygen and nitrogen atoms of ni-
tro groups in neighboring nitramine molecules in the crys-
tal”'®"*) | which is the decisive factor governing the crystal
structure of such EMs. A very important finding from the refer-
enced studies, which still needs further investigation, is that
non-binding inter-atomic distances between oxygen atoms in-
side all of the nitro groups in these poly-nitro compounds are
shorter than those corresponding to the intermolecular contact
radii for oxygen in carbonyl or nitro groups; this distance is es-
pecially short inside the most reactive nitro groups. These facts
led our colleague Vavra to conduct his research on free spaces
in crystals of EMs and of their influence on the sensitivity of the
energetic compounds described"*™*"; as a continuation of
these two papers a new study was published"®’ on the basis of
which we explore the relationships in this paper between free
spaces in crystals on the one hand, and the bulk and shear
moduluses of some attractive nitramines, on the other.
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2.1 Nitramine Explosives

From the group of individual nitramines, the following
compounds were taken into consideration: bis-(2,2,2-trinitro-
ethyl) nitramine(HOX) , 1,4-dinitro-1,4-diazabutane( EDNA) ,
1,3, 3-trinitroazetidine ( TNAZ ), 1, 4-dinitroimidazole (1, 4-
DNI), 1,3,5-trinitro-1,3,5-triazinane( RDX), 1,3,5,7-tetra-
nitro-1,3,5,7-tetrazocane( HMX) , cis-1,3,4 ,6-tetranitroocta-
hydroimidazo[ 4, 5-d ]-imidazole (BCHMX) , trans-1,4,5, 8-
tetranitrodecahydro-pyrazino[ 2, 3-b ] -pyrazine (TNAD ), -2,
4.6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(HNIW), 2,4 .6, N-tetranitro-N-methylaniline( TETRYL). Be-
sides these nitramines, plastic bonded explosives ( PBXs),
bonded by 9 % wt. Viton A and filled by RDX, HMX, BCH-
MX and HNIW 7™ " are also a topic of interest in this paper;
these PBXs are designated in Table 1 and in the Figures as
RDX-9V, HMX-9V, BCHMX-9V and HNIW-9V. The last of
these was prepared from technical grade HNIW , with an im-
pact sensitivity of 4.2 J/"77'*1,

2.2 Impact Sensitivity

The impact sensitivity of the nitramines and PBXs studied,
shown in Table 1, have been taken from respectable litera-
ture'”"; they were obtained by means of a standard impact
tester with an exchangeable anvil (Julius Peters) , detection of
the 50% probability of initiation being based on acoustic de-
tection (Bruceton method) 7", The sensitivity is expressed
as drop energy, E,.

2.3 Bulk and Shear Moduluses

The tendency of an object to deform in all directions
when uniformly loaded in all directions, i. e. volumetric
stress, is described as a bulk modulus, K, and it is the inverse
of compressibility. Shear modulus, G, is connected with
deformation ofthe shape at constant volume ( it represents a
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Table 1 Bulk and shear modulus’s, their ratio, impact sensitivities expressed as drop energy, E, , and crystal lattice free volume, AV, of all nitra-
mine explosives studied
nitramine modulus ratio/ impact sensitivity N
code designation formula K/GPa G/GPa ref. K-G™' Eq /) ref. /A3
O2N\N/\N/NOZ
RDX kN) 6.90 3.3 [25] 2.09 5.6 [20] 46
|
No,
—N
OQN\N ﬁ
B-HMX k N 7.70 4.2 [26] 1.83 6.4 [20] 49
N_/ \NOZ
/
OyN
ON— —NO,
0N~ Ny —NO2
&-HNIW pure /_\.‘ 10.30 7.4 [27] 1.39 13.4 [22] 86
N N,
O,N NO,
£-HNIW technical 4.2 3.4 [23,16, 34]
o
N NO,
N
BCHMX EI) 7.15 2.68 [28] 2.67 3.0 [9,19] 32"
ON N
;10
N N
TNAD [ I j 10.80 7.75 [29] 1.39 8.6 [31] 61"
v
NO, NO,
02N N02
OQN_C_CHQ
HOX N—NO, 1.2 [20] 73
0,N—C—CH
NS 2
O,N  NO,
H
/
O,N—N
EDNA CHQ—CQ2 8.3 [20] 29
N—NO
/ 2
H
O,N NO,
TNAZ \ 6.9 [19, 32] 37
AN
NO,
NO,
1,4-DNI N\ = 13.5 [16, 34] 34
Yy
\
NO,
,?102 N02
N
TETRYL HyC 7.8 [33] 57
O N NO,
RDX-9V  Fyy;, 4.90 2.4 [25] 2.04 10.6 [17-18]
HMX-9V  Fy,, 7.80 3.9 [30] 2.0 10.3 [17-18]
BCHMX-9V  Fyyy, 6.60 2.30 [28] 2.87 5.3 [17-18]
HNIW techn. -9V F,y, 9.80 5.0 [27] 1.96 6.9 [17-18]
Note: 1) The value calculated by means of line A in Fig. 1.
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resistance to plastic deformation). The ratio of bulk modulus
to shear modulus, K -+ G™', can be used as an indication of the
extent of the plasticity range for a given material™™’; a high
value for this ratio is associated with malleability and a low
one with brittleness.

For the nitramines RDX, HMX, BCHMX, TNAD and
HNIW, the literature contains different values for their mod-
ules which depend on the temperature and specification meth-
ods. Therefore, we used the results of the molecular dynamic
simulations (MDS) by Xiao"**7" et al. from Nanjing Univer-
sity in Sci. & Technology in order to have a uniform approach.
The second problem, i. e. the missing values of both these
moduluses for PBXs with the Viton A binder, we have solved
similarly; in the first approximation we used again the MDS re-
sults for the analogous PBXs, bonded by the high poly-fluori-
nated polymer F,,,, and the corresponding values were taken

along the crystalline surface (010) (25-30)

2.4 Free Space per Molecule ina Crystal Lattice

Calculation of this AV value is described in the literature,
papers'*™'*) It represents a difference between the effective
volume (ratio of molecular weight and density) and the intrin-
sic molecular volume; this last one is the product of molecular
weight and packing coefficient divided by density-in paper"*’
its authors describe in detail a method for obtaining this value
in which they work on an isolated molecule. In this study, the

AV values are taken from the literature'®’ | see in Table 1.

3 Discussion
]

’

On the basis of the same approach as that in paper'"
we have found relationships between impact sensitivity ( drop
energy, E, ) and the AV values of the nitramines studied in the
sense of Fig. 1. Only one relationship for these nitramines is

presented in paper''®’. What are the reasons for the difference

between Fig. 1 and paper''®’.
16
14 4 A .
SN y=0.1925¢ - 3.1502 AL praw
124 R? =09993, 7
7’
5
= 101 B J . g <
g Y =-0.1609x +12.95 >+ EJNA TNAD oxapeiates K
2 89 R?-=09995 ST e °
@ - P TETRYL
Q. NTS I
S 61 g HMX
° .“RDX" « e-HNIWigenn
] ~ ]
4 ~. ~
K BCHMX oxrapotatea ~. N
21 t Refs.16,34
: HOX™*
0 10 20 30 40 50 60 70 80 90 100
°3
AVIA

Fig.1 Relation between impact sensitivity ( expressed as drop energy,
E4 ) and free space per molecule in crystal lattice, AV; the AV values
for TNAD and BCHMX were calculated by means of the relationship for
line A

The first problem 'is the impact sensitivity of e-HNIW.
Many publications have reported that e-HNIW has a high sen-
sitivity to impact, greater than that of both RDX and
HMX ' **1 " Although Ou Yuxiang et al.”’ have described
pure e-HNIW with an impact sensitivity of 13.2 J and for the
rest of its pure polymorphs found values for a-HNIW of
10.1 J, B-HNIW of 11.9 J and y-HNIW of 12.2 ], all these
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values are still mostly ignored in the literature. The correctness

of these values has also been verified by the molecular-structur-
3, 36-37

al relationships of the impact sensitivity of nitramines" "o n
the last five years, however, the sensitivity of technical grade
HNIW is the main focus of crystal engineering for this particu-
lar substance'®"**'; the result of this is e-HNIW with reduced
sensitivity (RS-g-HNIW, RS-CL-20) and with impact sensitivi-
ty from 8 to 12 J1**:%°-**% By incorporation of the impact
sensitivity of pure e-HNIW into the E;-AV relationship from

16]

paper-
Line A in Fig. 1 represents a group of “genuine” nitra-

, the new relationship, i.e. Fig.1, appears.

mines, i. e. compounds with intermolecular interaction of the
same kinds; these interactions are typified by Scheme 1.

Scheme 1 Scheme of several possible interactions in the HMX molec-
ular crystal-dipole-dipole interaction contacts between oxygen atoms
and their interaction with nitrogen and hydrogen atoms in neighboring
nitramine molecules (obtained by means of X-ray spectroscopy in the
conditions described in Ref. [9])

Despite the relatively low number of points, the correla-
tion in the sense of group A is very good. Data for Tetryl and
1,4-DNI do not correlate with this line. Molecules of Tetryl
are arranged in its crystal in such a way that nitro groups in the
4-position of the picryl group face each other and the oxygen
atoms of the neighboring molecules make the short contact
with each other’". It is clear that this interaction, together
with the bulkier picryl group in the Tetryl molecule, represents
another type of intermolecular interaction in comparison with
those in Scheme 1. In the 1,4-DNI molecule one nitro group
is bonded onto the aza nitrogen atom which is a part of a het-
ero-aromatic system; during heating of 1, 4-DNI this nitro
group is shifted onto the carbon atom in position 2 thus form-
ing 2,4-DNI"""!_ The crystallographic study of the planar
molecule of 1,4-DNI shows that hydrogen atoms in the 2 and
3 positions form hydrogen bonds with neighboring molecules
in its crystal™). This fact is also different from interactions in
the sense of Fig.2. Data for both types of e-HNIW do not cor-
relate with line A due to the fact that their impact sensitivity
logically does not correspond to their molecular structure
(they have defected crystals). The AV values for TNAD and
BCHMX were calculated using the relationship for line A.

The nitramines collected along line B have different kinds
of intermolecular interactions from those for the “genuine” cy-
clic nitramines assembled around the line A. The HOX mole-
cule exists in two crystal modifications'**'; the relatively bulky
2,2 ,2-trinitroethyl groupings in its molecule are not mutually e-
quivalent as far as the steric strain is concerned*"’. The bulki-
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ness of these groupings must decrease the nitramino grouping'’s
interactions in the HOX crystal which contains just a single
such group in each molecule (this supposition corresponds to
a relatively low melting point, i.e. at 95-95.5 °C). These
groupings have also a strong electron withdrawing effect the
result of which is a higher initiation reactivity for the HOX
molecules. It is similar in the case of TNAZ molecules'*’;
here electron withdrawing of geminal dinitro groupings should
be lower in comparison with the geminal trinitro analogs but
also here the nitramino groupings are disadvantaged as far as
intermolecular interactions are concerned (its melting point is
103 -104 °C). The EDNA molecule has the nearly planar
CN—HNO, group and is symmetrical™*’. The packing in an
EDNA crystal appears to be based predominantly on dipole-di-
pole interaction'**’. RDX has features common to the other
members of the “line B” group, and methylene-nitraminic
groupings in its molecule, the N—N bond of which is one
trigger in the initiation (reaction center) of the compounds
studied"'™**"***" | The difference in the intermolecular interac-
tions of nitramino and nitroparaffinic groupings also results
from differences in the electron density movements (from the
manner and degree of their polarization) in these groupings:

= --8
Ry Cor R 101 o A0
) 7 1 / s Ry Tl Ry [
N—N" == N=N" \C/N\éa - 3 AN
/ \ e / \ o A\ = o
R 1O R2 101
2 = = R2 R3 RZ R3

Scheme 2 Electron density movement in nitramino and nitroparaffinic
groupings-the first one gives a markedly higher polarized grouping with
more intensive intermolecular interaction

It has been shown that the configuration in the reaction
center of the molecule plays a decisive role in the initiation re-
activity of energetic materials'*™*’.

Concerning the intermolecular interactions and their rela-
tionship with impact”>™*"" and friction'”™*' sensitivities it
must be stated that all these relationships are not characterized
by unequivocal equations; there are several characterizations
possible, depending on the quality of the key groupings in the
molecule and the conformation of the molecule™ ™ ~*!. The
same is valid for the N—N bond dissociation energies . Re-
lationships in Fig. 1 correspond to these observations'*™*: ¥~
and are thus quite in line with expectations.

Plastic properties also have a considerable significance in
the impact sensitivity of energetic materials (they are also a re-
sult of intermolecular interactions). These properties are con-
cerned mainly with uniaxial compression (bulk modulus, K)
and shear slide with a fixed volume (shear modulus, G). The
relationships between both these moduluses and the impact
sensitivity of the explosives studied are shown in Fig. 2 and
Fig.3. Despite the low number of data points, it can be seen
that data for PBXs based on HNIW and BCHMX might corre-
late with curves for pure nitramines; this is not new news
since analogous correlations are commonplace in the case of

relationships  between
17, 51]

impact  sensitivity and
. Substitution of the impact sensitivity in Fig. 2 and
Fig.3 by the AV values gives similar relationship for pure nitra-
mines; also here, for shear modulus, the data for HNIW do

perform-
ance

CHINESE JOURNAL OF ENERGETIC MATERIALS

@

not correlate. Action of forces in the crystal lattices with glob-
ular nitramine molecules should be in several details different
from those in nitramines with roughly planar molecules.

16

1 o graw
- 12
> O RDX-9V 3
g 10 © HMX-9V
é 8 o _ATNAD
w Q. e
§ 6 BCHMX-9V 0 e

RDX -

E -
=) P

2 BCHMX

0 T

4 5 6 7 8 9 10 1" 12

bulk modulus / GPa

Fig.2 Approximate relationships between impact sensitivity and bulk
modulus (inversed compressibility) of the energetic materials studied

16
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2 8
5 HMX
S 61 BcHmx-ov
3 A
£
£ 4
m BCHMX
2
0

2 3 4 5 6 7 8 9 10
shear modulus / GPa

Fig.3 Approximate relationships between impact sensitivity and shear
modulus (deformation of shape at constant volume) of the energetic
materials studied

In metallurgy, the dimensionless ratio, K + G™', is used
for characterization of the malleability of metals'®’; the ratio
indicates the extent of the plasticity range and a low value is
expected for brittle materials, in which plastic flow is relatively
difficult™ ™ *!. The K « G™' ratio has been used also for
characterization of the plasticity of PBXs'™*!. The relation-
ship between this ratio and impact sensitivity of the explosives
studied is shown in Fig.4. Here again, data for pure e-HNIW
lies outside those for the pure nitramine groups. The data cor-
relate well with those of the PBXs studied; as has already been
mentioned, data correlation for pure nitramines with data for

PBXs based on them are routine in *
17,517,

‘impact sensitivity-perform-
A similar relationship to the K - G
ratio exists in the case of the AV values as is documented by
Fig.5. Concerning the relationship of the data for pure e-HNIW
with those of other pure nitramines in Fig. 4 and Fig.5, what
has been mentioned for Fig.3 is valid here.

ance” relationships'

From the above-mentioned fact, the unusual behavior of
e-HNIW is evident. Its incorporation into polymeric matrices
might be connected with a change in its sensitivity due to the
physical instability of its e-modification in polar matri-
ces 1 It might also be due to the relatively high AV value
of HNIW. But this is a new subject which needs specific
attention.
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Fig. 4 Relationships between impact sensitivity and the K - G™' ratio
of the energetic materials studied
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Fig.5 Relationships between the free space per molecule in crystal
lattice and K - G™' ratio of the nitramines studied

4 Conclusions

The relationship between the free space per molecule in
crystal lattice, AV, and impact sensitivity ( here a drop ener-
gy, E,) is, very broadly, inversely proportional ™. Analysis
of this relationship for nitramines has shown that it is not so u-
niquely characterized, i. e. it is not given only by their own
AV values but fundamentally by the kind and intensity of inter-
molecular forces in the nitramine crystals (thereby the configu-
ration of the reaction center in molecule can also be influ-
enced). Relationships of impact sensitivity with the bulk ( K)
and shear ( G) moduluses of these nitramines and their PBXs
resemble somewhat the relationships between this sensitivity
and performance, concerning the composition of corresponding
groups of such explosives. The closest linear correlation exists
between the E, or AV values and the dimensionless K - G™' ra-
tio which indicates the plasticity range. Relationships of the E,,
and/or AV values towards the shear modulus or to the K + G
ratio pointed out an unusual behavior of e-HNIW to which the
published morphological instability of this particular HNIW
version might also be related.
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