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ABSTRACT

Most currently used stab- and percussion-sensitive mixes consist of lead azide, lead
styphnate or lead dinitroresorcinate in admixture with 2-5% tetrazene, which functions as an
energetic sensitizer. A major problem with the use of such compositions is the poor thermal
stability of tetrazene, depletion of which leads to loss of activity. The thermal decomposition
of some 24 compounds, all identified as potential replacements for tetrazene in stab and
percussion mixes, has been studied by non-isothermal differential scanning calorimetry, and
the physicochemical parameters which characterise these explosive reactions have been
determined and compared with data from temperature of ignition measurements.

INTRODUCTION

Most currently used stab- and percussion-sensitive mixes consist of a
primary explosive lead salt, usually the azide, styphnate or dinitrore-
sorcinate, in admixture with 2-5% of the primary explosive, tetrazene, and
other components. The high sensitivity of these compositions is due prim-
arily to tetrazene (1) which functions as an “energetic sensitizer”. However, a
major drawback to the use of such compositions is the poor thermal stability
of tetrazene, deterioration of which may result in failure of the composition
in service, and “dudding” of the device. There is, consequently, considerable
interest in finding new primary explosives which possess a sensitizing ability
comparable to that of tetrazene but with enhanced thermal stability.
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A research programme has been undertaken in these Laboratories to
prepare and investigate new materials of this type, and several very promis-
ing compounds have been prepared [1-3]. The subject of this report is the
investigation of the thermal characteristics of some of these materials.

Stab-initiation occurs by penetration of the compacted explosive incre-
ment by a fast-moving needle or firing pin. Experimental evidence is
consistent with the notion that the initiation process is thermal in origin
[1,4,5]); either friction between the impacting needle and hard crystalline
particles [5a] (for example lead azide or added gritty materials) or friction
between adjacent crystals [Sb] generates local “hot spots”. In a mixture
containing tetrazene, tetrazene particles in the immediate vicinity of the “hot
spot” ignite when the ignition temperature, 77, is exceeded (136 °C, 409 K),
additional heat is thus generated and this ignites the lead azide (7} = 316°C,
589 K) which detonates.

The strong sensitizing ability of tetrazene has been attributed primarily to
its low T; [6], although a more detailed investigation has found that there is
only a general trend to increased sensitization with decreasing 77 [1].

T, is determined by a rather simple, “traditional” test: 50 mg of the
material are heated at a rate of 5 K min~! until ignition (usually explosion)
occurs, the temperature at which this occurs being defined as 7;. On the
other hand, differential scanning calorimetry (DSC) is a much more sensitive
probe with which not only the ignition characteristics but also kinetic
parameters, such as activation energies, can be determined and ignition
mechanisms investigated.

In this paper, the authors report on the thermal behaviour of 24 primary
explosives, as studied by DSC, and compare the information obtained with
experimentally-determined 7, values.

EXPERIMENTAL
Materials

The following compounds have been studied: tetrazene (1); various 6-
azido-2,4-dinitrophenolates, namely Ag(I), Pb(II), Na, K and Ba (2-6);
5-nitro-2-picryl-tetrazole (7); mercuric and mercurous bis(5-nitrotetrazolate)
(8,9); mercuric bisfulminate (10); 6-diazo-2,4-dinitrophenolate (11); 3-
methyl-6-diazo-2,4-dinitrophenolate (12); silver(I) 5-nitrotetrazolate (13); di-
thallous 5,5’-azobis(tetrazolate) (14); dilead(Il) 5,5’-azobis(tetrazolate) dihy-
droxide (15); 5,5’-hydrazobis(1 H-tetrazole) (16); lead (II) azide (17); and a
family of compounds derived from 4,6-dinitrobenzofurazan 1-oxide, namely:
potassium 4-hydroxy-5,7-dinitro-4,5-dihydrobenzofurazanide 3-oxide (18)
(commonly known in explosives literature as KDNBF, potassium dinitro-
benzofuroxan); potassium 4-methoxy-5,7-dinitro-4,5-dihydrobenzofur-
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azanide 3-oxide (19); potassium 4-hydroxyamino-5,7-dinitro-4,5-dihydroben-
zofurazanide 3-oxide (20); potassium 4-hydroxyamino-5,7-dinitroben-
zofurazanide 3-oxide (21); 4-(4’-ammoniophenyl)-5,7-dinitro-4,5-dihydro-

RH
R_
OH 23
OMe (9

benzofurazanide 3-oxide (22); potassium 4-hydroxy-5,7-dinitro-4,5-dihydro-
benzofurazanide (23); and potassium 4-methoxy-5,7-dinitro-4,5-dihydroben-
.zofurazanide (24).

The structures of compounds 2-17 are given in ref. 1; the structures of
compounds 18-24 are given within this text.

Tetrazene (type RD1357) was available from a sample prepared at Materi-
als Research Laboratories for other studies. Ignition temperature 136
(2x)°C, 137°C.

Lead azide (type RD1343) was obtained as a single batch from Munitions
Filling Factory, St. Marys, NSW. Ignition temperature 315°C, 316(2 X )°C
(lit. 320°C [1)).

The preparation of the remaining compounds has been described fully in
publications from these Laboratories. The preparation has been previously
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described for compounds 2-16 and 18 [1], 19 [7], 20 [3], 22 [9], 23 and 24
[10], and the preparation of compound 21 is to be published [8].

The ignition temperatures of these compounds and the kinetic characteris-
tics of their thermal decompositions, as determined by non-isothermal
differential scanning calorimetry, are summarized in Tables 1 (compounds
1-17) and 2 (compounds 18-24).

METHODS
Temperature of ignition

Ignition temperatures were determined on an instrument built to specifi-
cations for the ERDE temperature of ignition test *. As mentioned in the
Introduction, unconfined 50-mg samples were heated at 5°C min~! in a test
tube, the temperature of ignition being that temperature at which the
samples ignited to explosion or fast burn. These tests were carried out by the
Explosives Testing Group, MRL, under the direction of Mr. D.J. Pinson.

Differential scanning calorimetry

Thermochemical measurements were obtained using a Perkin-Elmer DSC-2
differential scanning calorimeter fitted with a Scanning Auto-Zero (SAZ)
cal balance, directly into aluminium sample pans, and lids placed (but not
crimped) over the samples. The sample mass in most cases was 0.20 + 0.02
mg.

The sample and reference compartments of the calorimeter were continu-
ously purged with nitrogen gas throughout the DSC scans, which were
carried out at heating rates from 2.5 to 40 K min~! over a temperature range
usually from 340 to 600 K and above. The nitrogen flow rate was typically
20-25 ml min™".

The output of the DSC-2 differential scanning calorimeter was calibrated
using samples of indium (m.p. 429.7 K) and tin (m.p. 505.1 K).

In many cases, it was necessary to operate the differential scanning
calorimeter in a high sensitivity mode (for example, range 2 mcal s™! full
scale 10 mV deflection, or less) using a “minimum weight” of sample (ca.
0.20 mg) rather than increase the weight of sample and operate at a lower
sensitivity. This was done both to standardize reaction conditions and to
ensure that the DSC traces represented thermal changes arising from reac-

* Explosives Research and Development Establishment, Waltham Abbey, Essex, U.K. In
1977, it underwent a name change and is now known as PERME (Propellants, Explosives and
Rocket Motor Establishment).
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tions in thermal equilibrium with their surroundings. When larger masses of
sample were used, particularly for those compounds with relatively low
ignition temperatures (< 180°C, 453 K), thermal decomposition often oc-
curred rapidly, a large output of heat being generated very quickly with loss
of thermal equilibrium, and the DSC “peak” often ran “off scale’”. This
probably corresponded to “ignition” followed by “thermal explosion”; in
most of these cases, the sample lid was blown off the pan in the DSC sample
compartment.

Kinetic parameters from DSC data

The kinetic parameters of thermal decomposition, namely, E*, the activa-
tion energy, and the apparent first-order Arrhenius pre-exponential term, 4,
were determined from Kissinger’s treatment of DSC data [11], as described
by Patel and Chaudhri [12].

It has been found that the peak temperature, or temperature at which the
rate of dissipation of heat from an exothermic reaction is greatest, is a
function of the rate of heating of the sample and a relationship exists
between peak temperature and heating rate for a (pseudo) first-order reac-
tion. This relationship can be summarized by the equation

E* dT

A exp(—E*/RT) = =77 dr

(1)

where R is the gas constant, T, is the peak temperature and d7/d¢ is the
time rate of heating of the sample. This can be written as

) R E* 1

ln( Tnzl)—ln(E*A)— T )
where ¢ = dT/d¢, from which a plot of In(¢/T;?) vs. 1/T,, is a straight line,
of slope —E*/R.

Kissinger extended this approach to show that, even for an nth-order
reaction, reasonable approximations can be made which reduce the kinetics
to a form where this equation can apply, regardless of reaction order; the
pre-exponential term, A*, has the dimensions (time)~! and can be regarded
as a pseudo first-order constant.

It has been found that, in all the cases reported here, a plot of In(¢/T;2)
vs. 1/7, is generally linear, provided that only small masses are used and
that the reaction is permitted to proceed under conditions where thermal
equilibrium is maintained at all times; viz. heating rates, ¢, not greater than
40 K min~!,

The activation energies listed in Tables 1 and 2 were all obtained in this
manner.
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Rearranging eqn. (2) gives

—ml -2 E*\ E* 1
lnA—ln( +ln( )+ R T, (3)

T? R

m

which was evaluated for given ¢ and 7, values from the Kissinger plot for
each compound, whereupon

1
2.30258

A typical Kissinger plot can be made from the data presented in Table 3
for 5-nitro-2-picryltetrazole (7). It was estimated that the magnitude of the
errors in 7, would be ca. 0.7 K, which would lead to an uncertainty in E*
of ca. +5% and in log,, 4 (s~ ') of ca. +3%. Uncertainties of this magnitude
apply to all of the parameters determined from DSC data listed in Tables 1
and 2.

log, A (s71) = [In 4 (min~') —In 60] (4)

DSC traces

Representative traces from the recorder attached to the DSC apparatus
were digitized and redrawn using a California Computer Products
CALCOMP 600 series digitizer, employing software prepared by Mr R.P.
Parker of these Laboratories, so as to present suitably scaled diagrams for
discussion purposes. ,

These standard patterns (presented in Figs. 1-3) were typical of the DSC
output of the various compounds studied here.

Pattern A

The DSC trace for compound 7 is shown in Fig. 1. This is an ideal
reaction to study by Kissinger’s method as it consists of only a single
exotherm, corresponding to ignition. About one-half of the compounds listed
in Table 1 exhibit this behaviour (see Notes, Table 1).

More often than not, however, the DSC traces are more complicated and
several different patterns of behaviour can be identified.

TABLE 3

The effect of heating rate on peak temperature for thermal decomposition of 5-nitro-2-picryl-
tetrazole (7)

Heating rate, ¢ (K min™") Peak temperature, T,,, (K)
40 450.8
20 446.6
10 4429
5 438.7

2.5 4342




157

NPT

420 450
! (

Fig. 1. DSC trace of 5-nitro-2-picryl-tetrazole (7) under dry nitrogen (flow rate 20-25 ml
min '), heating rate 5 K min™!. The abscissa is the temperature axis (K), the ordinate is in
arbitrary units of dQ/dT, the rate of liberation of heat with temperature. The upward
deflection of the curve peak denotes an exothermic reaction.

Pattern B

Some compounds have DSC traces displaying an intense ignition ex-
otherm followed by one or more broader exotherms corresponding to
secondary decomposition of the ignition products. These patterns are dis-
played by tetrazene (1) and several of the compounds listed in Table 2; most
of the DSC “peaks” from this group of compounds lend themselves readily
to analysis by the Kissinger method. This thermal behaviour of tetrazene has
been described in quantitative detail by Patel and Chaudhri [12] and in
qualitative terms by Norwitz et al. [13].

MBF

420 480
| |

Fig. 2. DSC trace of mercuric bisfulminate (10) under dry nitrogen (flow rate 20-25 ml

min~!), heating rate 10 K min~ .,
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Pattern C

A number of compounds exhibit two distinct exotherms where the first
exotherm. is generally “weaker” in intensity than the second and is often
overlapped by it. This occurs in particular with compounds 3, 9 and 10, the
DSC trace for 10 being given in Fig. 2.

Sometimes even more complicated traces are observed, suggesting that
thermal decomposition is proceeding by a multiple-step process. This is the
behaviour observed for most of the compounds listed in Table 2 and, where
overlap of peaks occurs, it is not always possible to carry out a meaningful
Kissinger assignment for all steps in the sequcncc of events accompanying
the thermal decomposition.

Pattern D

Occasionally, exothermic decomposition of a compound is accompanied
by or just preceded by melting (microscopy). This occurs with compound 11
whose DSC trace is given in Fig. 3.

Further examples are described in Table 1.

Here, application of the Kissinger method is on less reliable ground as the
DSC trace is complicated by overlap of the exothermic component and the
endothermic component, making assignment of the DSC *“peaks” or “T,_”
less meaningful. Nevertheless, the authors were able to estimate reasonable
T, values in many cases and obtained satisfactory straight-line plots using
eqn. (2) for the various compounds listed in Tables 1 and 2.

Alternative treatments of DSC data

Kissinger’'s method is not the only approach that has been used to
calculate the kinetic parameters, £* and log,,4, from DSC data obtained

DONP

410 480
i i

Fig. 3. DSC trace of 6-diazo-2,4-dinitrophenolate (11) under dry nitrogen (ﬂow rate 20-25 ml
min Y, heating rate 20 K min -1
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from solid-state reactions. However, it is the one which the authors have
found to give consistent results with the compounds studied in Tables 1 and
2 and with other DSC studies.

Similar results have been obtained using Ozawa’s method to determine
E*, the activation energy [14]. In this method
E *
RT,

log,($) +0.4567 = a constant (5)

For compounds 1-24, it was found that a plot of log,,(¢) vs. 1/T, was
very nearly linear and the activation energy was very similar to that obtained
by Kissinger’s method. This result was expected because the two equations
(2 and 5) are very similar at high temperatures.

An alternative approach has been adopted by Rogers et al. [15]. They used
data from a single non-isothermal DSC scan to obtain values of E*. They
assumed that, for a fixed mass of sample, the rate of evolution of heat is
proportional to the reaction rate. However, the authors of this paper have
found that the activation energies calculated by this method are much larger
(factor of 3 or more, typically) than those calculated by Kissinger’s method,
the “fit” of the experimental data to the working equations is not always
good, and the results are much less reproducible, run by run, at different
heating rates. Part of the problem for this may reside in the fact that where
overlapping exothermic reactions occur during thermal decomposition, as
happens in many of the compounds under investigation here, the DSC traces
were too complicated to analyse by Rogers’ method.

As the aim of this paper has been to look for relative trends in reactivity
and thermal sensitivity, the authors decided to do their comparisons from
data calculated by Kissinger’s method using the standardized weight of
sample mentioned earlier. They assume that the relative figures have some
meaning, although they accept the absolute figures may not be beyond
dispute [16].

Where several exothermic reactions were observed to be occurring, the
data contained in Tables 1 and 2 refer to the principal “low-temperature”
decomposition reactions, i.e., the reactions which will lead to thermal decom-
position.

DISCUSSION

The results for T; and T, in Tables 1 and 2 typically show that T,, > T;.
In the DSC experiment, the “peak temperature”, 7, , at a specified
heating rate (5 K min~! for direct comparison with 7T;) corresponds to the
maximum rate of transfer of thermal energy between the compound and its
surroundings in the DSC apparatus. In contrast, 7} is determined on a much

larger mass where no attempt is made to maintain thermal equilibrium, a
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situation conducive to “runaway” thermal decomposition. Indeed, most of
the compounds examined in Tables 1 and 2 explode in the temperature of
ignition test and the general trend of 7, > T is thus expected.

In a number of cases, for example, for compounds 8, 9 and 13, the value
of T, is much greater than that of T;. All of these compounds have DSC
traces characterised by broad exotherms where the rate of release of heat at
T,, is not very much greater than that observed several degrees above or
below T, . Clearly, if thermal equilibrium is not maintained in these cases,
runaway ignition can occur at a temperature significantly below 7, , at an
equivalent heating rate.

As mentioned earlier, the DSC traces for several compounds in Tables 1
and 2, including compounds 3, 9 and 10, exhibit at least two exotherms, the
first (lower-temperature) exotherm often being “weaker” than the subse-
quent main exotherm.

Comparison of T, and T, for compounds 3 and 9 leads to the conclusion
that it is the second, more intense ““peak” which corresponds to ignition. In
the case of compound 10, it is not possible to identify which of the
overlapping exotherms (Fig. 2) corresponds to the ignition reaction. Never-
theless, one can deduce from the DSC traces that these materials and
compounds 20 and 24 decompose in a stepwise manner involving a pre-igni-
tion reaction. This should have important ramifications for long-term stabil-
ity considerations in that slow exothermic decomposition can be seen to be
occurring well below either 7; or T,..

The Arrhenius parameters, E* and log,, 4, calculated from the Kissinger
plots are also listed for compounds 1-24 in Tables 1 and 2 and it is
reasonable to ask how these values compare with those from other investiga-
tions.

Unfortunately, there do not appear to be many studies other than those
based on differential scanning calorimetry or differential thermal analysis so
that a broadly-based comparison of data cannot be made. However, a
selection of data available in the literature is presented in Table 4 and the
results contained therein indicate that there is reasonable consistency be-
tween the results obtained from different laboratories and, when available,
from different techniques [17-25].

The main limitation in these studies is that the products of thermal
decomposition need to be established to ensure that comparison of the
reported data is really justified. The complexities of this approach have been
addressed by Brown and Swallowe [17] in their comprehensive study of the
thermal decomposition of silver 5-nitrotetrazolate (13), mercuric bis(5-nitro-
tetrazolate) (8), and mercuric bisfulminate (10). These authors recognised
that several steps are involved in the thermal decomposition of these
compounds and that each step is described by its own set of kinetic
parameters.

The activation energies, E*, generally increase with increased 7, ; how-
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TABLE 4
Published kinetic parameters for compounds studied in this report
Compound. Method Kinetic parameters Ref.
E* log,, A (s™")
(kJ mol™1)
10 Gas evolution 130-135 — 4b, 18
Mass loss 136 149 17
106 19
8 Mass loss (i) 160 15.3 17
(2 stages) (it) 137 12.8
DSC 114 — 20
13 Mass loss (i) 190 19.1 17
(3 stages) (ii) 240 22,5
(iii) 160 14.7
1 DSC 193+6 22.6 13
17 Gas evolution 123 22
(a-orthorhombic) Manometric 160 23
159 4b, p. 152
17 DSC 168 12.98 24
( B-monoclinic)
17 DTA 181 144 25
(RD1333)

ever, a number of exceptions are apparent. Compounds 7 and 16 in Table 1
and compounds 21, 23 and 24 in Table 2 have unexpectedly high E* and
log,, A values. This is particularly true for compounds 7 and 16 and it is
interesting to note that these are the only two covalent compounds in the
whole set; compounds 1 and 22 are zwitterions and the remaining com-
pounds are metal salts. Compounds 21, 23 and 24 are very similar structur-
ally to the other materials in Table 2 and again there is no apparent reason
why such high E* values are obtained for these particular compounds.

Compound 10 is interesting: the value of E* from non-isothermal DSC
(117 kJ mol 1) is very low compared to that determined from mass loss and
from gas-evolution techniques (130-136 kJ mol~!; Table 4). The most likely
explanation is that, in the temperature range between 7, =431 K, and
T, =447 K, the high temperature exotherm from which this activation
energy was determined arises not from the primary decomposition but from
a faster secondary decomposition. Unfortunately, the first exotherm (Fig. 2)
is not resolved sufficiently for a determination of E* by the Kissinger
method.

How realistic are these values of E* and log,, 4 in giving an indication of
the thermal stability of the compounds in Tables 1 and 2?

Recently at MRL, Elischer and Spear {26] investigated the thermal stabil-
ity of tetrazene (1) stored in an oven at 89°C, in air. They found that
tetrazene, as expected, decomposes relatively rapidly. Approximately 50% of
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tetrazene (small batch, well spread out) decomposed in ca. 28 days. In
contrast, one may have predicted a half-life of ca. 13 h for tetrazene at 89°C,
using the parameters of Table 1 in the Arrhenius equation

k'=A exp(—E*/RT) (6)

One can also look at the thermal decomposition of lead(Il) 6-azido-2,4-di-
nitrophenolate (11). Using the data from Table 1, one would expect that at
300 K (27°C), this material would have a half-life of ca. 1 X 1077 s;
however, this compound appears stable at room temperature for an indefi-
nite period. These examples highlight the problems associated with the
extrapolation of data obtained from non-isothermal DSC methods (under
idealized conditions) to predicting the service-life of potentially unstable
compounds in practical environments. The mode of decomposition under
two different sets of conditions is probably different.

CONCLUSION

The analysis of the DSC data presented herein relates to the pseudo
first-order thermal decomposition reactions taking place in a series of
explosive compounds, near their ignition temperatures, in an inert atmo-
sphere and at atmospheric pressure. As such the data are useful for compara-
tive purposes, since, in any explosive decomposition, the rate of release of
energy is as important as the net amount of energy released. However, the
reaction pathways accompanying the thermal decomposition of explosives
under these conditions need not parallel those found during thermal decom-
position at much lower temperatures. This can be seen by comparing the
behaviour of tetrazene (1) and lead (II) 6-azido-2,4-dinitrophenolate (11),
cited above, under reaction conditions which approximate to thermal ageing
and to thermal explosion.
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